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r The (Bath ode and results of an Investigation to determine the me chan tarns 
which solar reflector thermal control systems degrade under Individual 
combined ultraviolet and nuclear radiations are described. Appropriate 
^optical and radiation effecto theory are compared witi. the published results 
gnf irradiation experiments, in which transparent analogues at certain 
|(dielectrlc and se»i conductor plgmrato have been studied. Canclualons lave 
era reached regarding the equivalence of UV and nuclear radiation effects, 
asic causes of Induced reflectance changes, and possible means of 11ml tin 
'^degradation due' to, these radiations. 


INTRODUCTION 


At the outset of the invent igntionr reported in this paper, very little 
known about the mechanists reaporsit *e’ for the changes in the nasi radiative 
ertiea of thermal" control systems. While the detailed n» chan isos still 
•in unknown for many of these systems, valuable insight has been gained in 
et training the fundamental causes of degradation. The paint systraa dealt 
1th in this paper are the solar reflector (white paint) class, and in what 
to follow, damage (degradation) Is defined as Increased spectral absorptance 
the, solar region of the electromagnetic spectrum. 


blah i 


° Ms Intend to show how the reflectance spectre of Irradiated paint systems 
i be analysed by means of theoretic cl relationships end to stew how 
^damage mechanisms can be deds cod therefrom. Additionally, it will bs 
hewn how the deductions obtained from those analyses accord with physical 
^observations. In order to explain the. basic causes of degradation, It la 
cacaary to understand/ first, the fundamental properties of materials 
gov e rn their optical behavior; second , the interaction median Isms of 
rgttlc radiation with matter; and, third the defects which energetic 
ations produce and how these may effect optical properties. In section 
o very brief si-etch of these three topics will be given. Section 17 will 
lyse, ‘he damage spectra of several typical paint systems, compare them 
literature data, and speculate on tits responsible dvxsge mechanisms. 

„ i. * 

bla work vos perform ed under Air Force Contract AF0h(69$)-i36. 
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BACKGROUND THEORY 


Optiral Properties! 


Thp optical properties of solid opaque substances hove been treated by 
many authors* Ref’s 1-3. The ordinary developments of the theory seek to 
obtain mathematical expressions for the absorption and reflection of 
electromagnetic radiation as a function of basic material properties. Using 
Harwell's equations, Fresnel derived the rigorous expression far reflectance, 

R, of a plane wave normally incident on a smooth surface of a material with 
Index of refraction, n v , and exttm' ;>n coefficient, kj 
2 

H * ( n - 1. ♦ k 

• (n * 1 r* k' (1) 

The variation of the properties n and k with photon energy (or wavelength) is 
of liumedlate importance, \hown as dispersion relations, these equations 
express ^ho dependence of n and k on wavelength j they have boon derived on 
both classical and quantum mechanical theory. The expressions are: , 

Classical’, 

/? /Ke* 1 (2.) 

' vrrm ' <&- co*)+ <j«*> 

Quantum mechanical, 

ft * ^ vtrn ‘ (2b ' 

where 

• volume polarizability | 

'N • electron density ( 

e " electronic charg*; ^ 

m ■ electronic mass |~ 

to m circular frequency 

damping censtent ' 

7 “ oscillator strength 

&l m circular frequency/ at absorption maximum 

V 

The classical and the exact quantum mechanical expressions aro nearly identical 
snd In fact, differ only In Interpretation. By rationalising eq.'oZand 
equating real and Imaginary parts, through the relationships! 

» * n (1*. Ik), 

and « 2 * 1 »' jji XC/t 


• V i 


* we finally obtain. ■ 


2 „2 ' , /Ve* . <tcS-u >') 


a - k -2 - 




N*' . Ico 
vtrm 


In order to show how these formulae per rain to real thermal control surface 
coatings, we noto that the optical properties of pigments and vehicles can 
be qualitatively described by theory If the dispersion relations srd physical 
propertie ■»? all the components are known. In practice, however, the 
d.lsrersion relations are rarely knovr; for components of typical thermal 
control- coating materials, and the reflectance of a given system must be 
predicted from empirical correlations, /bong ethers, the parameters which 
determine reflectance include the ratio of indices of refraction cf pigment 
end vehicle, pigment- vehicle ratio, and pigment particle size (s). Hence 
reflectance is not determined wholly by the optical properties of the 
components but also by geometric properties of the system, but the 
dispersion relations remain valid and useful in qualitatively describing 
Rk , the dependence of reflectance upon wavelength. 

/ 

B. Energetic Radiation Interactions 

In this section we wish to very briefly sketch the important modes by 
which energetic radiation interacts with matter (Ref. h, 5, and 6). In terms 
cf the. damage produced by absorption of energetic radiation, the net immediate 
effect is the production of free electrons. Ganna (y ) radiation, through 
the photoelectric effect, conptor. scattering, and pair Droducticai processes, 
releases a large number of free electrons. Neutrons (n) also produce them 
indirectly by displacing atoms which behave as charged particles and througn 
their interaction create dense ionization tracks. Ultra-violet radiation 
also is capable of creating free electrons, by supplying the energy required 
to lift an electron from the valence band to the conduction band, or to the 
exciton band fro® Which it may be excited to the conduction band by thermal 
activation, (rt/f’e 3 Sr 7). Though the mechanisms imvived in th«*ee processes 
are very different, it is important to realize the similarity of their end 
results, the production of free electrons, the fate of which is of prime 
interest in examining the observed degradation of thermal control to ter ia Is. 

C. Defect Absorption 

For the sake of simplicity, we refer to any rauialloc -ced condition In 
a material as a "defect." Since a real oeterlal always contains a certain 
density of "natural" defects, it la of Importance to determine the effects of 
changing their concent ret Ions, as by radiation damage. A large number of 
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different types of defects are known, but it will be of interest to identify 
only those which con possibly influence solar absorptance. As will become 
clear later, this is not a simple task; each material differs in the 
identities of defects responsible for changes ’in apectrel reflectance, , 

Tho defects almost always Involve electron deficiencies or excesses, vacancies, 
interstitials, «rvi the | combinations of the an. _ The F-canter for example, is 
an nleotron trapped at on anion vacancy, but this defect is kr.cwn as an 
•F* -cantor" when two electrons are so trapped. The important point is that 
optical properties, especially in the near infrared, risible, and uv regions, 
are sensitive to the local electronic structure and physical state of the 
crystal. An extensive literature exists describing the investigations of the 
effecta of radiation on the optical properties of transparent materials. 

Alkali halides have been studied in tho greatest detail. Silicas also have 
reretved considerable attention. In contrast, very little voile has been 
conducted on other materials with the exception of certain of the semiconductors. 
Along with the experimental phases of these studies, much theoretical verk has 
been accomplished to obtain send -quantitative estimates of the effects of 
defects on optical properties. Unfortunately, most of the theoretical work 
has dealt principally with siirole suaetsnr.es such as the halides. Many of 
the theoretical works '(Ref . ’s o-l5), nevertheless, provide insight into the 
effects of radiation on tho optical properties of more complex .materials. 

An Important theoretical anc experimental 5 re suit of work with alkali 
halides is the correlation of positions of absorption band r-aXL«uw with 
crystal lattice parameters, ltaown as Mollwo relationships, these expressions 
are usually given in the form 

34, 'd n - c , , <u 

V a ' - frequency at absorption band 1 maximum I 

d " crystal Interatomic distance 

n • constant depending upon the type of defect, producing the 
absorption 
c • constant 

Ivey (Ref. 16) has improved Hollwo's original correlations and gives 
both calculated and experimental values for f or cost ol the alkali 

halides. Still another inpartaRt. the well “knowc Sralcila^ 

* formula, (Ref. 2 A 8). which relates optical absorption to tho density of : 
defects producing it, * 1 ' 




I 



Here • oscillator strength of I th type defects 

• density of defects of I** 1 ty, e, cw'^ 
n • index of refraction of host medium 

■ area under absorption curve due to I^tyjw defect 

» The above statements apply mainly to transparent materials and particularly 
( to the alkali halides. , To make use of the theory touched upon here in 

* Interpreting radiation affects in solid opaque materials, Fresxiel's 
Equation (eq. 1) and the dispersion equations (eo.‘s 3) must be applied, 
fs k Increases, vs see that the Index of refraction, n, goes through a 
minimum in the nel ghborhood of an absorption band, and rhe reflectance 

. passes throu^i a nin'jcma. The extension of tha above theoretical results to 
opaqua systems thus depends upon how Fresnel* 8 low follows the dispersion 

• | relations, anc how the ipar&xeters in the litter depend upon defect structure. 


Before examining data we will discuss the general results of many 
. investigators, principally those pertaining to alkali halides aou silica 
strictures. Because of the lmensity of the data and the lar^.e number of 
1 important ctxrtributors, we have not in the following discussions credited 
specific fjuuioru but have compiled under appropriate headings a representative 
bibliography f roc tf*ich wc have obtained the bulk of the information presented. 
In the silicas (we uso this term broadly to designate any system which contains 
the basic silica struevire; quarts^ fused silica, silicate glasses, etc.), 

11. w found that several bands develop under irradiation which are specific 
to tht>' SiO^ syeteo, and others which are attributable to impurity a tons. 

Each band produced has been identified with (tssigned to) a particular 
type of defect. Because of interactions between defects, the assignments are 
made in many cases by noting tow the destruction of one band leads to the 
formation or jenhan cement of another. This latter analysis is an extremely 
Important one in explaining the dependence of damage upon tbs wavelength of 
damaging and/or tie aching ultraviolet radiation. 


With transparent materials a nuafcer of comon results .4 re obtained. First, 
the cro cent rat ion i >f defects to produce measurable absorption Is of the order 
of Id 1 ' ovr^Cref. iO) and to produce maxims* absorption (saturatiaj) Is cf the 
order of Mr- 3 cm**- (Mote that Saakula's formula Eq. 5 predicts the same 
range.) Second,' defects comprised of single election defldencas or excesses 
produce bonds at shorter navelenghs (are more energetic) than do those 
* comprised A multiple type defects, (ecopare, for exaaple, the location of 
absorption bonds in alkali halides die to F- and M- centers (ref, 16). Third, 
Illumination of x- or y- lrradia ted materials with light of vaveleogtb(s) in 
the energy region of the induct'd absorption band will decrease tne oana 
intensity; the "holes" or electrons liberated in the process may beoevne 
traoped et other defect Sites to produce or enhance other bands. Fourth, 

, ths^o existe for each neteri-vl rr sy**an of zaterlals a wavelength above 
which the incident radiation will cauae no damage; Uiis wavelength always 
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Ilea in the uv region of the electrorognatlc speetrua for dielectric 
materials end la in the infrared region for many semiconductor materials* 
Fifth, the rate at' which damage lc produced under irradiation diminishes 
exponer it tally with. Increasing dose; this behavior event-sally manifests 
itself as an asymptotic approach to an equilibrium concentration of 
defects and thus to an equilibrium optical damage level. 

EXPERIMENTAL RESULTS 

A. I ntroductory Ranarics j 

In order that'the objectives of this section can be better understood, 
w will first list the i rased late results of the studies and then ch<w how 
these ''are obtained by examining the reflectance spectra of irradiated 
materials. I . 


1. In paint syst ems containing aemi-conductor pigjar^t.a, TiO g, ZnO, ,, 
and ZnS (bund gaps j.2 eV.), the pigment alone determine a tRe ‘'observed 


damage J tho vehicle influences the Mount of 
tho character of the dawigs spectra. 


damage but does not influence 


2. In paint systems containing dielectric pigments, the earns ncneluslon 
can be reached as above, except in the case of Inorganic silicate Vehicles*, 
where there ere effects definitely attributa’jle to vehicle damage. ' ' • 


3. Degradation 'of semi-conductor pigments Is die mainly tc photo- 
redaction {oxidation of the volatile anion), .and to a lesser extent vhe 
fomatiro of color centers. / | 


b. Degradation of dielectric pigments (and silica to vehicles) is 
principally due to the. farw&ttcn af eoler centers. 


Conclusions 3 k U have been reached principally on the basin of the . y . 
results of experlnenta reported ii» tfi* ^literature, but btvo b«*f.n verified by 
work at IJCC and to a lesser extent by the nonpars tlve studlea d .ecrlbed. 
below. Conclusion 3 is not difficult to understand when it is reoll ted that 
the fundamental absorption edges of TiO- etc. lie si vuvylengths easily 
obtained «n many- types of solar alroul-Ttf ng u v sources; in the case where a 
radiation of wavelength shorter than the edge wavelength is absorbed, 
an electron is raised from the valence to the conduction band; whan this e *' 
occurs with the anion, the anion- is \ reduced m<S has a high probability for - 
escaping the lattice structure (under the influence of thermal energy).^ as id 
anion Is removed, the cations ere reduced eventually to free »eUl atamsjS' ■ 
the effect daring this process Is to induce free carrier absorption. 


The differences in degradation mechanisms between semi-conductor pigments 
and dielectric pigments now beccr* more dear. With dielectrics^ daswge 
occurs principally In the short .wavelengths end is due to baxd absorption. „ 
Degradation in the semiconductor pigments stems principally from free carrier 








i 


i - i 


absorption, and results In decreased near Infrared reflectance. 

B. Data Analysis 

\ The data presented here are spectral ebs^rptance data, taken from , 
spectral reflectance curves in tha wavelength region 0.275 to l.Q^iby 
subtracting the latter from unity. Reflectances were measured using 
‘ a Cary Model 3b doublebeam spectro-photooster with an integrating sphere 
vttaehraent. A’jsorptence as used here is the ratio of energy absorbed to 
that incident. This must be carefully distinguished from absorption 
coefficient, and extinction coefficient, all of which have specific 
meanings. 1 

The data presented In this section, unless otherwise noted, pertain to 
samples id>ich have received a nuclear radiation dose of approximately 10° R 
of gamma and 5 X 10** 1 neutrons ( pfc l.qw*sw) /cm 2 , and approximately 200 
sun hours cf UV irradiation. The DV and nuclear doses wore achieved non 
currently. Some data will be given which pertain to samples irradiated 
simultaneously by nuclear and UV; in those cases the nuclear doses were 
-Ah e sane at above, but the UV doses exceed 500 sun hours. This information 
is given for the sake of completeness, but bears little on the qualitative 
aspects of damage analysis. Except os noted, all data pertain to irradiations 
conducted in vacuo. 

1. Silicate Pigments 

In Fig. 1 is shown the spectral absorptanee of the system 
Li thif rsx/ Sodium Silicate. (The notation used. here is: plgosnl/vehlcle). 
Llt&cfrax has the approximate stoichiometric formula Li2 0*Al2 O3*6 Sj02 , 

In tills figure are shorn* the pre-lrra dial loa (control),v»-T and UV irradiated 
spectra. Fig. 2 rfiows the jpectra for the system Ultrox/Poxasalua 
Silicate. An experimental system comprised of Lithium Flue ride (LlF)/$odiua 
Silicate la shown L: Fig. 3. 2y Intercooparing these three figures one 
can immediately see the clcee similarity of UV and nuclear damage spectra in 
silicate systems. Of particular Impcr tehee la Fig. 3 which shows silicate 
vehicle cV range; we assume that the LiF itfoes not cheulcrlly react with the 
vehicle. The peak la the ivy spectrum at 0.h$/* corresponds almost exactly 
1 with that reported by Ivey at the K-c enter absorption band peak 
(Ref. 16 and Refs, therein). Further indication of vehicle damage may 
be eeen in Fig. h i*»ich shows the spectra for (hFafeodiom Silicate. Tho 
^ peak at 0.575/1 In the nuclear carve does not show up in the UV curve. This 

• effect is not well understood. It is 'apparent from Fig.'s 3 and h that the 
alkali hallds damage, *hlch is wall kdown from the literature, car. not account 
for the total damage observed and that the vehicle mast si so be dreaded. 

Other- data, net Included, lead to the two cos clarions that the spectral 
damage is not qualitatively a function of pigment-vehicle , ratio, and that 

. damage to stlieate pioents (Llthafrax, ultrox, etc.) can not be qualitatively,, 

• distinguished from silicate -reticle damage. Fig. ? alto presents data for 
. the system Ultrox/Aluainum Phoephate. K«re again ad lie a V. damage is 

evidenced in the location of the absorptanee peaks, fact the differences In the 




dams go spectre between the silicate and phoephate vehicles 'ire squally * 
apparent in both the UV and nuclear curves. 

Our aralyses have been made on the basis of the following considerations. 
First, the spectra shown have been compared with respect to the position of 
absorptance peaks, since the various radiation sources employed will differ 
In their respective abilities to Induce daroage In any given hand. Since 
the bandwidth, and to • minor extent the peak wavelength of the bend, will 
also vary depending upon irradiation conditions. Second, the wavelength f OT 
minimum absorption (extinction) will differ from that for minimum reflectance 
(Ref. 3)* Silica systems in general develop, under irradiation, absorption 
bands at 2.3, b.l, and $.$ ev. The latter peak will not significantly 
Influence solar absorptance. The 2.3 ev. and U.6 ev. peaks are actually 
observed as absorptance peeks at 2.0 and 3,1 ev., the displacements egiwei^ 
rather well with the theoretical shift of %/2 9 where g is the width of the 
ebaorption bond (In ev.) at half maximum height. Third, all silicate 
systems, with the exception of Litkafrox, in a nuclear environment, oh cw 
the seme relative development of the 2,0 and 3.1 ev. abearptance bawls. The 
very large thermal neutron cross-section oft Lithium may account for the 
disproportionate (increased) development cfjths 2.0 ev, absorptance band. 

Fig. 5 illuartrat.ee the latter point; the positions of reflectance minima 
are the sama for etch curve end, with the exception of nuclear irradiated 
Lithafrsx, ths damage, centre are quite similar. v ' , 

Several systematic studies have been reported in which sodium silicate 
glasses containing varying levels and Identities of in? nrltles have been ‘ 
Irradiated (ref's. 17, ie, 1? and 20). (A bibliography of radiation effects 
la silicas is given at the eDd of the references), Ae e result, the .nature of 
the defect which gives rise to the 2.3 ev. band has been well established 
as substitutional Aluminum (al) imparity (l.e., A1 atoms occupying nonal 
silicon si tea). Sene, speculation, however, does persist in describing the 
electronic nature of thie defect - whether tho ne laboring oxygen captures 
a hole or Aether the atom exists In the vacancy together with an alkali 
atom, the latter explanation seems to bo favored, particularly In view of 
the fact that silicate glasses containing aluminum will not develop 2,3 ev, 
bends under irradiation without a certain amount of alkali atoms present, 

(Ref, 17), Irrespective of the electronic' nature of this defect, the 
Import of those finding lies in the possibility of purifying the* silicate 
system to remove as much A1 impurity N a* possible, end thus achieving nosh 
more stable silicate paint systems. The nature of the U.lev band defect 
still remains obscure, although it apparently also Involves an A1 Impurity”' 
(probably interstitial ic association with an F- center or with an alkali 
atom, Farther increases In silicate paint system stability are unlikely 
until the defect(s) responsible for the lul ev. band are better identified, ' 

The . curves , of da mag' spectra dn own In Fig' a 1 -5 display the ; fsct-> 
that' 'TV and nuclear produce t fa sssr defects. The differences in optical 
effects lie chiefly In tho relative intensities of tho bands produced. The 
earn effects have been found in UV, X-, gsnma and, electron irradiation of ** 
transparent silicate glasses (see bibliography-elites a), that Is, the . 
same relative development of the absorption bands. In the present work'' c 
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* thl. 1 , not necessarily to bo ontlcl\«tfld - for too reasons* first, thr 
neutron induced damage (Bay he expected to augment the development of onn 

or more bands but with a different "efficiency" for, eachj second, tho changes 
L.. reflectance are complex functions of all ths bands (soe oq. 3). 

Other investigators (Ref. 23 , 22 end 23) have stuped the kinetics of 
{radiation induced color| centers. Ti.j rceulto of f heir analyses can be 
expressed fhnctlorully by the equation 

- A-EN t t . i 

dt 

i Acre N, ■ Humber of centers/unit volume 

t - time ■ 

A ■ constant, depending upon irradiation rate and temperature 
B • constant, depending upon temperature 

the actual expressions for the growth rate of absorption bands 
Involve much moie complicated terms than those given In Eq. 6. The Important 
rea.il ts of these studies include the qualitative prediction of rate-and i 

temperature-dependence of optical damage, and the further elucidation of j 

’ bsvd defect in interactions. In the caee oi* inorganic solar reflecw»ro, rate- 

rfc pendant© rarely occurs (the reciprocity law), while considerable temperature i 

dependence has been observed. Fig. 6 shows damage spectra of materials 
irradiated at 77°K. The explanation for the greatly increased abaorptanc » 

In these samples is that defects normally unstable or easily bleached st room 
( ' tempera tare are not thenally activated at 77°K. The defects normally 
present in a crystal are greatly lu-reased in number ty neutron radiation, 
and st 77°K these are *froien ia“, thus increasing by one ar rare orders of 
i .magnitude the nunfcer of defect sites available for electron or hole capture • 

The Farley multiple icnlsetion me chan lav (Ref. 2i*) wc-uld quite likely servo 
1 io intensify this effect, 

f From the spectra so far shewn plus those referred to, it is evident 

that 07 and ruelear irradiations o reduce the same defects, and, as if* have 
shown, UV irradiations cause absorption bands at 2.3 «nd b.l ev., the 
latter being much more broad end intense. Experiments have show that Aen 
.UV rad tat 'on of wavelength longer than 3500 JT la used, the damage spectrum 
* differs markedly fro® that observed Aen radiation of wavelengths shorter than 

* about 3000 2 ie used. A simple way of understanding this ie to note that 

defects are always foned in palrsj for example, when a vacancy is created and the , 
displaced atom goes into an interstitial site, or when an electron, raised to i 

the conduction band, ie captured by a vacancy - in the letter case, a •; 

positive hole is created at the atom Alch lost tho electron and on F -center at jj 

an anion vacancy which captured it, When pairs of defect sites are created, j 

each will behave optically according to the new electronic environment in Aich ' 

It exists. Thus, each will tend tc capture whatever type(s) of particle will 
re-establish local elactr«»-ceutrelity. Wavelength dependence will arise ae a 3 

result of the different rates mx which these defects will capture electrons, 
holot, excited*, or displaced stars and the different rates at which they will 
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absorb incident radiation, - in this case, solar radiation. Bleaching • 

experiment a (see Bibliography* tlUcaa), in which x- or garaoa -irradiated 

mate rial a are mibsoqiiently exposed to OV and/or visible retfUtlon, in 

■'etconat rating the Inter-relationships between bend defects, havo also , t- 

pointed up the sensitivity of equilibrium band intensity to wavelength and 

intensity of bleaching radiation. Fig. 7 compares the aneotra for the 1 

system Lithafrax/Sodlum Silicate irradiated by concurrent and non -concurrent UV & 

nuclear radiations, fhase curves show a strong inter-dependence Of irv 

and nuclear •radiations and, more importantly, they show that the degradation 

sustained in non -con current radiations cannot be used to predict degradation 

when the so two environments are concurrent, I 


2. Semiconductor Pigments 

( 

* In this section ta will discuss the danage spectra of paint systems 
comprised of semiconductor pigments in both silicate and silicone vehicles. 

In either case the damage spectra, allowing for such vehicle effects as 
silicate danage and characteristic silicone absorption, will be ascribed to 
Induced fro s carrier absorption. The lack of any band structure in the 
damage spectra of these paint systems may be regarded as an indication of 
free carrier absorption. The fact that the b and gaps of these plgmsnts 
(TiC^» ZnO, and-ZnS) lie at approximately 3.2 ev. strongly suggests that 
these pigments mey indeed undergo photo -re du^tion when Illuminated by UV 
light of corresponding or greater photon energy. Experiments canducM'V 
at U*SC and by oth'r Investigators have clearly shewn the difference* between 
.vacuum and air irradiations of paint systems containing tlese pigments. In 
general these experiments have established the dependence of many electronic 
properties of TiO ZnO, and ZnS upon the environment during Will main at ion. 
The observations of photoconductivity in these materials, when irradiated 
with UV photons with energies equal to or exceeding band gap energies, and 
of the dependence of photoconductive, current upn the nature and pressure of 
the environment, adds further credibility to the arguments for induced 
free carrier absorption. Theory predicts that free carrier absorption will 
follow the dispersion equations in which OLis sot equal to tero , T- The optical 
constants would then bo obtained fran the formulae r 

f vrm.e. \ n.y 


1 »4<o 


rr*j6. co't-jj* 

- Ne x -v 




dielectric constant 

electric permittivity ofj^f ree space 

effective mass cf the J type carrier 
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These equations predict decreasing reflectance with increasing frequency. In 
a real paint system, however, the optical properties will be given by a 
combination of eq's 3 and 7, that is, by an expression of the form 

A/* x 64?/- a> % 1 ' c A fc* . / 


Since there are a ntwtoer of unknowns in these equations. It is extremely 
difficult to obtain other than a qualitative notion of how reflectance will 
vary with wavelength, This difficulty is compounded by the fed! that the "H 0 
and "g" values in eq. 8 will be dependent, for a given paint system, upon 
the product of Intensity and time, and perhaps on each independently. Therefore, 
it should not be surprising to find that the reflectance* of a semiconductor 
paint system with induced free carrier® will not lit general display damage 
spectra typical of free carrier (metallic) absorption. Indeed, as can be 
seen frees Fig.'s 8 - 10- reflectance decreases with decreasing wavelength. 

This can be explained by pigment- vehicle '-(teractlona, such as those due to 
geometrical effects, chemical reaction, etc. Nevertheless, the absence of 
any induced band structure In the damage spectre 1 j obvious. In the 
case; of the slliccne vehicles, we note that the d/ittage spectra contain the 
original absorptonce bands characteristic of the polyraethyX-siloxano; 
polymers, thus showing that silicone vehicle dhmage, if any, does not, effect 
solar absorptonce. Or. the other hand, the oysters with silicate vsh^sv.sa 
exhibit danage in the 3,0 ev. region. A tentative explanation of these 
findings is that vehicles with loosely bound oxygen atans will give them up 
to the pigment rather easily under Irradiation, thus offering the pigment 
some degree of stability. 

Other evidence suggesting induced free carrier absorption is the 
-fact that sealoonductor paint systems when irradiated in air by nuclear 
radiation often exhibit Increased, rather than decreased, reflectance. This 
can Be explained an the basis of an increased competition of tbe 2nd term 
In eq, 8 to dominate the spectral character of the irradiated materiel, and/ 
or by noting that tho pigment «ay. Initially, have-been slightly reduced and 
Is oxidised in the presence of air during liTadlatloR, 

the similarity of .the W and nuclear spectra of the semiconductor 
paint, systems, as shown iri fig'a 8 - 10, Indicates that the damage mechanisms 
are identical, the explanation follows the mm a r g ument s offered previously 
regarding the formation of defects in pairs. In the semiconductor systems,. . 
however, only one of these defects is important in effecting changes in 
t. solar absorptance. From these discussions It seems dear tint the 
semiconductor paint systems could be i mp roved in stability by providing sore 
loosdy bound anions or ty making their escape less probable, or both, 
o ' ■* y 
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CONCLUSIONS 

The Important results of this Investigation foil oh directly from tho 
statements code in Section IV A. and from several otf«r observations pad© */ 
in the body of thla'peper. W© can summarlso thase in this way. Patent 
systems comprised of dielectric pigments will in general av stain reflectance 
changes due to induced absorption bands, but since the devei orient of 
these blinds depends upon the initial concentration of defects, degradation 
may be mlninlteO by reducing the number of initial defects. Thua, ,ld the 
case of silicate pigments, damage would be lessened by ndnimitins initial 
aluminum impurity. Semiconductor paint syatms. degrade chiefly because 
of the photo reduction of the pigment and consequent generation of free 
carriers. The latter effect could be ntnimieed by radioing the eff active 
loss of volatile anion from the pigment. From theory and fren tha data' 
given in the figures, we con speculate about the temperature dependence 
of radiation Induced damage. In the oase of U7. variation, d*mege weald 
bo directly dependent* upon temperature ; in othe? words; damage would be^, " 
small at cryogenic tempera turee and .would be se'^ere at high tempera tv rSa* ^ 
Damage due to gama radiation ala»:€* would produce rouphly the temperature 
• dependent 9 , except that at cry^enis temperatures, the dniige would, be 
sllf^tly graater relative to UV. A neutrcn^iami^vri^iatlon enviroraart, 
would produce aevere darage at both cryogenic elevated tempo ratals. 

1 * ■ ' ' . ' '' •r- 
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N Micrcmeteoroid flux (number of Incident particles per square 

meter per second) 

m Mass of a micrometeoroid j . 
m Cut off mass (minir.ium maos of a' micrometcorJid) 

o i 

V Volume 

v Velocity of t&e micrometeo.roid 
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MICROMETECROIDS IN SPACE 

| ' ‘ 

Fla she a across the night sky have long proclaimed the exist©**-;;, ol 
meteoroids in space. In fact, an estimate of the number of meteovoide in 
apace was first deduced by counting the number of meteor etreaks of a certain 
intensity in a certain section in the sky and thereby calculating the lumber 
that would pass through a square mete-r per second. This number i i called 
the meteoroid flux and actually is an accumulative number because it is the 
total number of meteoroids which have a meteor inteasity greater than a given 
intensity. 

The efficiency of changing mass to the energy noted in the ma'-eor trails 
has been calculated by several investigators [1,2 ] . As a result of these 
studies, it is possible to plot the flux of meteoroids greater than a given mass. 
This plot res:ilt8 in a straight line when using a log -log coordinate system, 
and can be extended into the region where meteor trails would not be observable 
here on the earth. These supported particles are called micrometeoroids, and 
from the extrapolated line they are expected to be it uch more numerous than 
observable meteorites because of the negative slope of the plot. 


Observations of the zodiacal light and the scattering of the F -corona 
of the sun give additional evidence that a comparatively large number of micro - 
meteoroids exist [ 3] . A measure of the amount of mass accretion of duop- 
sea sediments has also given an indication that a large number cf meteoroids 
has settled to the earth’s surface. Recent satellite data have given additional 
information. 

I 

Essentially two types of satellite experiments exist. One measures 
the sound produced when a particle strikes a sounding board attached to a 
piezo -electric crystal. The amplitude of the sound generated can be related 
to the momentum of the particle through a ground -based calibration over a 
limited particle velocity range. The other type of measurement either involves 
perforating, or piercing, a material and releasing a gas or shorting a capacitor. 
A calibration of a device of this jort indicates that the thickness of the perforated 
material is almost a linear function of the energy of the particle. Unforturately, 
these two types of measurements sometimes disagree by four orders of magni- 
tude where the microphone data are high and the perforation data are low. 

This discrepancy can be explained by various difficulties in calibration cr 
perhaps by the fact that different types of phenomena are being measured. Even 
the basic assumptions may not be correct. For example, one speed is usually 
assumed in all calculations in the redaction of data, depending upon the' inves-, 
tigitor . Thus, velocities of 15 to 30 kUcmeiers have been assumed'ar the 


.. aV - ■ • 


4 


• *"S 



average [ 3] . An average density of the particle is also used and if the guess 
is wrong, i.©. , if the micrometeoroid is urderdenae, then the perforation data 
would be expected to’bt lower than the microphone data. In Fig. ! a plot of. 
the most authoritative flux laws is given. 

In the following discussion, a parameter study will be stressed rr»ox© 
than any one flux law because there still exists a large uncertainty of the 
micrometeoToid environment 5n space. 


THE EFFECTS OF MICROMETEOROID IMPACTS ON SURFACES 

Micrometeoroid damage to a surface may be classified into three types: 
(1) the case in which the micrometeoroid penetrates all the way through the 
material and is designated as perforation, (2) the case, related to the above, 
in which the micrometeoroid does not penetrate all the way through the ma- 
terial but.ferms a crater, and (3) the case distinguished by a surface removal 
, accomplished by cratering, and perhaps exposing a substrate surface. Emphasis 
is placed on the cratering phenomena because perforation is relatively rare 
' ior any incident particle and real thickness. Likewise, aur/tce removal would 
be extremely small even for an extreme amount of time, and, henc©, it will 
also be excluded. 

The cratering of materials for large particles has been studied e:.te..- 
sively. At first, a great deal of confusion existed in trying, even empirically, 
to describe what was happening, but now a few ideas are generally accepted. 

The penetration of a particle of relatively slov velocities is almost a linear 
function of momentum and at very high velocities ie a function of energy. This 
idea is depicted in Fig. 2 and is dependent on the material of the particle and 
of the target. At some point greater than the transition poii t, ths craters 
broaden into a hemispherical shape. This transition region occurs around 
2-5 km./sec for soft metals, 7 km/sec for aluminum, and high©.: foT the mote 
brittle materials, but generally under 11 km/sec. Usually the average speed 
assumed ta micrometeoroids in space is equal to, or greater than. IS fcm/cec 
and would produce hemispherical craters characteristic of the hypervelocity 
region for most metals. Brittle materials have i tendency to shatter around 
As crater. 


The cratering efficiency in che hyper velocity region is measured ex- 
perimentally, although- there are son-.e attempts to write a descriptive equation. 
.The empiric;*! data can. be given as a constant K where 
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relating V (the volume ef a crater) and E (the energy of the impacting particle). 
Table I lists several values for K In tho b ypervelocity region. 

One would expect that the Inside surface of the craters would be different 
from the original surface. Figure ? shows a copper plate which was bombarded, 
cut, and etched, indicating that'therc is a considerable amount of "mechanical 
working" near the surface, demonstrated by the lack of large crystalets as one 
’ approaches the crater surface. This mechanical working is very similar to 

buffing and actually does not have to extend too far beneath the surface to affect 
the emissivity, since, for a metal, .most of the electromagnetic energy is 
emitted at a depth of leae than 100 A. For low velocities, fragments of the 
impacting particle may be partially buried in the crater wail. These fragments 
may still exist at higher velocities although probably at a much smaller .alee. 

In the hyoervelocity rogion, the surface is not contaminated by .fragments of 
I the impacting particle because at theso velocities the crater continues tc grow 
even after the particle lias bean consumed .. 

I 1 

I analytical derivation of the change 

, IN EMITTANCE DUE TO CRATERING 



The emittance of a surface ie defined aa tho ratio of the amount of 
energy radiated per second by a unit area of surface at a particular tempera- 
ture to the amount of energy that is radiated by a perfect radiator (black body) 
of the same area and at the same temperature. Mathematically this can be 
written aa: , ‘ 

e = W/W b (1) 

Thus the change in emittance ie given by-. 

Ae » e - e " (W /W ) - (W /W ) (Z) 

jj-no no o o 

where: ‘ * * * 

e 3 the emittance 

M • ; _ . v t . ' 

A* *» - the change emittance s v.^ .. 

e n = the emittance of the 'surface after cratering 1 '' •’* 
e c *• the emittance inside a crater 
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e Q 3 initial emittance 

W = radiative energy flux « energy radiated per 
second and unit of area 

W'k = radiative Energy flux for * black body ( 

W n = radiative energy flux for the cratered surface 
» W Q = initial radiative energy flux 


The amount of energy emitted by the cratered sample is given by the 
sum of the energy emitted by the cratered and uncratercd portion. 

(A t - A ) e W + A FW 

nr i _ * COO C D 


where ' 1 

■ A-j* = total area of the surface of interest 

1 A c * cratered area 

Ax -A c 3 area not cratered 

F^W C /W|j- configuration factor 

The quantity F is the ratio of the radiative energy flux of a hsmispheri - 
cal surface to that of a black body and may be 1 considered as a function of geom- 
etry und the emittance of the crater. The name "configuration" will be used 
for this term. 

> Substituting this expression into Eq. (2), the change in emittance can < 

be written as: 

A« = (F •• e 0 > (4) 1 

The configuration factor for a diffuse ellipsoidal crater can be calculated 
in almost the same manner as the hemisphere although not as easily. Remember 
^that the configuration factor is defined as the,ratio of the energy emitted by the 
crater to the energy emitted by a black body with the same sir.e opening Thus: 


anavnw owes* 



The energy emitted ( direcvly from an element of area dA x on the crater wall 
would be: 8 It 

Energy emitted directly dAj = e c Wj) - co ° dA 0 

n R* 


1 *«c w bO0.0) (5) 

M II 

where the quantities |are defined ir. tt»c Fig. 4 and where G(l,0) is the fraction 
of the energy from dAj passing through A 0 . 

U 

The amount oi energy reflected once Irom the element of area dA| 
would be: 

a 

(Energy reflected once) dA, = e c ( 1 e c ) Wj, -G(> , 0]T^ G (1 , 0) 

(Energy reflected twice) dA| = e c (l j - e c ) 2 (!-G (1,0)) 



From the first mean value integral theorem* the integral can be ex- 
pressed by: * J , 



(I - C (1,0)) 


(1 - G (1 , 0))i 



I where G(£, 0) is a function of a constant 6 where 0 ^ 6 — P . For ; the 
hemisphere case % = z, and the energy reflected twice from dAj is equal to 

II * 

e c (l - e c ) 2 W b (1 - G(1.0)) 2 0(1,0) . 

I 

* The e;cact expression for a general ellipsoidal case could easily be computed, 
but since the approximation will occur only after the first reflection, it will 
obviously be minor when the surface has a fair -sized emittance and/or when 
the crater is nearly hemispherical. 

For three reflectiono, or more, the energy reflected from dAj would 
i be approximately equal to e c (l -ec)” ^ b 0 -C,( 1, 0)) n G(l, 0) where *'n" is the 
( number of reflections that occur. 

Thus, the amount of energy emitted and reflected from the crater would 
be equal to 

f ' 40 

j* c yr h Gd.O) ]T (1 -e,.)" (1 -G(l,0)) n dA, 


e W C(1,0) 


; e W.C 

£-_ b __ 

i - (1 - e c 


J l + 


)(l-G(I.O)) dA ’ 


and the configuration iactor then is give?: by: 


F . f ( 00 , 0 ) E 

A o J + i-O^S G(l.C-) J 


(W^G (1,0)) dA, 


go 


H e c = 0, then F = 0 which means that no amOwn: of clergy emitted 
would be equal to zero. If all the emitted energy from the crater were re* 

> fleeted, then from Eq. (8), F = e c A x /\ which is valid. If e c = 1, then 


f Sihl 

J A 0 
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and must be equal to one because the structure of any perfectly radiating but - 
face doeo net changj!its effective omittance. > 

The percentage of energy emitted through the opening of the crater, A c 
is usually called the geometry factor and can be represented by the function 
Gil ,0) . There are several methods of finding an expression for G(i,0), but 
the simplest seems to be a method described by Sparrow { 4 }- . Here G(l, 0) 
is defined by: 1 



where * i, m h and n% are ths» diroction cosines of the normal to the elemental 
area dAj . The direction cosines can easily be figured and are given by: 



where the constants and variables are ' defined in Fig. 5 and where, in a cylin- 
drical coordinate system, f % 

*o = *o M " 9 o 


I 


and r|, «», 0 |f a, i j, m, are constants when integrating over dA Q . Since 
tonly a line integral is being considered, r 0 » b, z Q *» 0, and 0 O is the 'variable. 


Thus, using these considerations and several steps later 
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G{1 * 0) “ fi /opening U A + C ) cos (fl| - B 0 ) + B] d e 0 


1 


( 11 / 
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or substituting in for R* , 

* h L 


opening 


A+_C . BE - D(A + C) 

E E(D + E cos <6, - 0 O )) 


ie a 


(12) 


where A, B, C, D, and E are constants given by: 


_1£A3lE_ 


Vp 2 ri* + b 2 (b 1 - r 2 ) 


-b 2 Vb* - ri 1 


Vp 2 r, 2 + b 2 (b 2 - rj' 2 ) 


C = 


bri Vb' - ri 2 


Vii : r7 r + b 2 (b 2 - r, 2 ) 
C = {»,* + r, 2 + b 2 ) 


(13) 


E » -2rjb 

R 1 « D + E cos (0i - 0 O ) 


In order that this contour integral be positive, it most be integrated clockwise 
around the opening. A function of arctan is evaluated with a similar argument, 
but since it is a many valued function, the evaluated solution of the integral 
equations is: 


« -b '*♦£ ♦ B£ ; p ( A ^ c >1 

E eVd 2 - e j 


(id) 


li 




' t > ' 
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Substituting in values of A, B, O, D, and E in terras of p, &ndb, Eq> (14) 
reduces to: 


2b ■' t /p^+ (b r - p^zi 2 [ V V b 2 + (p 2 -b 2 )* *i 2 


Earlier the integral l/A 0 ./*G(1, 0) &Ai was shov n that it must be equal 
to one. After involved but straightforward manipulation, thio was sho*vn to be 
true for all zj, b, and p . j 


The change per percent area cratered can then be written as: 


Ae . 

,T“ . = <«C* - «o) 


[K\ - ' rcl 


where F is given by Eq. (8) and G(1,0) by Eq. (15). 


A parameter study was performed for several values of the depth of 
the crater to the radius (Figs. 6-19). When this ratio Is aqual to one, the 
case is for a hemisphere where F reduces to the simple expression 


One can also derive the expression for S' for the specular reflecting 
case for a hemisphere such that 


F = e c 


c f* + 2_ 0 - ec)* coo -i 

1 1=1 J 







COMPARISON OF THE MATHEMATICAL MODEL TO LABORATORY D^TA 


The mathematical model derived ir the preceding sections was compared 
with experimental data. obtained by bombarding surfaces with particles, A 
full description of these data is found elsewhere [6] . Table II shows a com- 
1 pari sen of the computed valuer for a change in omittance and the actual r.ioasured 
1 values. The speed of the particles is less than a hypervelocity so that ore 

would expect that perhaps small fragments of the particle may still be embedded 
in the sample. Obtaining data for higher velocities with an electrostatic accel- 
erator Is under consideration at the present time. 


As was shown earlier, the lutal number of micrometeoroid particles 
passing through a square meter per second is given by 


N b a mo 


-j tMc equation is usually referred to as the micrometeoroid flux law. Since ° 
and fl arc constants, the positive number of particles with masses between 
m and m -t Am passing through a square meter per second is given by 


6N a ~ a fi * Am 


and where. P is a negative constant. Each particle (irv the hyper velocity 
regime) if it happens to strike any surface, will crater a volume given by: 


tf V *» Ctymv*) . 


where :C is a constant empirically determined for every material and v is 
the velocity. Thus, the cratered surface area for one incident particle would 
be: 


where .Oj = s/2(i+l). The dotted c«*v© ta Fig. 20 is for the specular reflecting 
case and is near the solid line, or the diffuse reflecting case. 
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The total cratered srea by An particles would be 


1 A « (A c ) . (n) = -Ac (AN) (t) (A) * 


(t) (A) 'mj"* Ain . 


Or the total crater area in time t , where A = area available to be cratered. 


will be tiie integral of Eq. (23) from the cut-off mass m 0 to extreme ly large 


>x. 


<e+T) v 


Is a*f 


v > »“o 


NtAv, A is the total available area that can be cratered and would be 
given by; . » ' \V-‘ , J ' ‘t ' • v* 

(At -a c ) 

A = 1 where At is the total area. (26) 

*T 


Solving for the amo^ zZ time to crater a certain percent of the area A^/AT : r 

-"r „ *■ o r * 

• | |A C i (e+i) >: • • • ,.*• . 

t « I I — — . — x — J- \Z7) 


V 


A value for t versus the percent area cratered was computed for a 
number of representative maturials and plotted in Fig, .21 where the .flux law ic 
shown. at the side.- The time scale can be contracted or expanded; depending 


upon the flux law that was used. 


t CONCHJSXONS . 

' • ' • • v . & ' ' ’ N \ ■ 

The analytical moditl developed to predict the'changefln emittance com- 
pares favorably with experimental values. When ap plied t o,the,« pafce environment 
one would expect detectable changed in tcm p c ra t u r c sin a month when using micro 
yAtvniw dam c on tr ary to what is observed. For lower flux laws, such as those o « 


... Y'~ 


\ . 
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predicted from penetration measurements or Watson’s flux law { 3] , the time 
scale would be contracted by 10 4 , and indeed there would be not detectable 
change in temperature for ( year a . When information is available from certain 
space eralseivity experiments then, in effect, ' thermal micrometeoroid flux 
could be calculated and used to predict the change of emittance of any material 
in apace. 


<\ 

> o 


b> 


13 


A X, vi‘- 




REFERENCES 


1. Jacchia, L. G. , "Havard Coll. Observatory Reprint Series II, " No. 26, 

1945. j I 

2. Whipple, F. L, and Hawkins, G. S. , "Meteors." Handbuch dcr* Physics, " 

52, 519-564. 1959. * 

3. V odder, J. F. , 'Micrometeoritea" (F. S. Johnson, ed. , Stanford University 
Press, Stanford, California, 1961), p. 91. 

4 Sparrow, E. M. , "A New and Simpler Formulation for Radiative Angle 

Factors, " Transactions of the ASME, Sept. 10, 1962, paper No. 62-HT-i?. 

H , 

5. Eichelberger, R. J. , and G eh ring, J. W. , Effects of Meteoroid Impacts 
on Space Vehicles, '* ARS 32, October 1962, p. 1583. 

6. Schocken, K. , "Emissivity of Metals After Damage by Particle impact," 
NASA TN-D- 1645, (To be published). 


Material 


K in ra* /joule a 10’* 


Aluminum. 250 1 3 

' 2014 4,5 

17ST 3 . 0 

75ST 2.5 

Cadmium * • 

Copper, soft 10 

bar 4 

3 

Brass . ^ 2. 5 

35 

'i 

Steel 1020 2.7 

. 4140 l.g 

1 . 1 

1.3 


Titanium 
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ABSTRACT 


i CL*n JlA&cfc’ 


A. 




Ihe our face crT any body to apace, when unprotected by a shielding 


tSlafT^ 


atmosphere,* Is under banbwdment by high- and low-energy, elementary 


particles.- The question dlscasced here concerns vhet effects will 

: v » i 


, arisen on; a -'surface under oolar-vind boabaordroent, l.e. , by low-energy 
1 protons and o-portldeo. Proa astr^^hyoical observations and measure- 
ments : vith ; Explorer X, Lunik II, and Mariner II, data for flux den- 
alty,^ compos ltion,- end eiurrgies of the solar wind are no.* fairly veil 
* established/ Under :a~ quiet Cun there is a flux of 2 x 10® i'rotons/cm 2 
<aec with' 600-ta/®ec' 1 average velocity in earth orbit distance ftc*a the 
p 8uzu ^?ha protons tare accompanied by l$g o- particles with the same 

. ■; -5» .. p 

velocity. Under aoiar^toro! conditions, the flux acd the particle 

v . ' * , 

velocity incwuse'to ouch higher values. fije bombarding energies 


co rrespond* to l6$0 ’ev for protons and . 7.4 kev for a-partldee under 


solai^vixifi' c<naUtlons^anil-5 "key for; prctcca and 20 ie» r?t r a-pirtlcles 
factor solar-stoni conditions. v . s « % . ■- . • 


One can slisulatettbese'solar^vliid^bosibarteaxit^bonditlono on e 


- n 


eoch accelerated; scale In the -laboratory and, with caxcb hl&var, flux 


W; r/* ~ *- y *"' 

*lhlo vorfc Jl8 s u pp er t e d under o N -caatroo^-vl th the Rational 
Aeronautic* vend Space Adainlstrotlox)^ HASv-751 ) - , «• 
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dsnrltl*': i<jt ... jOBtujtomt tine*, obtain nuunUe results oa 
dipt coring effects eM oa As».ge to a surfcee./vitto tin goal of 
studying possible modifications of tbe lunar , surface, ■easureaents 

<- _•,•*. ij ‘ " ". •• 

'vero performs* with aass separated a , Bo*, and B, + betas and In 

' • J 3 M 

lov-prcoaum, noble aas plessssy/ One has to distinguish between 

purely physical effects such as crystal damage, sputtering, etc., 

(snob as vltb aepartlciea or noble metals) .end superimposed chemical 

. reactions between hydrogen and conpoundn such as oxides . Q B>e - e jut- - -y- 

tsrlng- rates axe rather small end amount to^l X/year for’Cu sad . 

~>0.5 X/yemr for It, with man y coddes roughly In the sane, range as 

that of Fa Bras the Boon' should base lost a layer of. 17- cm thick- , 

ness In b.5 x h? years ’ or a 1-cm thick Cu plate would he sputtered . 

away In approximately 10® years.) ihyslcal sputtering trlll thcrefort - 

hardly present any eraelan problems ln spmco .tie elans. These re- • 
ii ' ' ' 1 

suits hewo been reported In detail, ln a receat psper. However, , 

’ e - - ”, r 

■ora (serious attention la required of. secondary affecta .wbleh arise ,t: 
for Ins t a n ce from the cementing together of powder particles by - . v 
sputtered stems or from chemical, reactions or the boabardment- ;•.£». 
Induced, breakup of 'molecules, /kvadosuts wlthosrtal targets, cnsi ; . v . 
■etal-, oxide-, and rock-powder samples demonstrate the lore ling- . . ' 

and saoothlng of aserooeopib surface features, the etching of >-S' . 
p oli s he d surfaces (be cau se dlfferentl j orlented gralna bara v- . Jr 

different sputtering rates) and the cementing.’ togsthmr”of (loose. ■ c '. - (■ 
particles' Into a portals, brittle, fibrous onbt.J.We bare observed ^ 


1. 0.* K. ttehner, C. B; Ki 

end Space Science IX, 


tj and E.L. BosanheriL. Plaistai 7 ' 
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that many caapounda, such as white oxides, acquire a yellowish , 
tint or darken under the bombardment because oxygon la more likely 
to. escape In the breakup process resulting to a metal enrichment 

at the surface. Black CuO Is first converted Into red CU 2 O and 

I 

finally becomes covered with 6 very porous Cu layer under 'noble 
gas Ion bombardment. Under hydrogen ion bombardment vs observed ( 
an immediate conversion to a metallic Cu. 3ie x-ray diffraction 
analysis shows that the red FegO} converts Into Fe^O^, PeO, and' 

Pe under the ion bombardment. Compact BsTiOj becomes covered with 
a layer of Ti fairly rapidly. Very pronounced chemical effects 
were observed In the case of Qn bombarded by hydrogen ions. Here 
the hydrogen combines with 8n end forms the volatile SnHi* which 
lands to much higher apparent sputtering rates. The controlled 
Ion bomberdaent of insulator surfaces in a plasma vas m’de possible 
with a recently developed technique. In which a high frequency 

voltage provides the necessary' neutral taction of surface charges 
2 ' 

at the target. Many of the experimental results are discussed 
in a forthcoming paper where we studied the modification of the 
lunar surface by the solar-wind bombardment.' 

It Is not expected that the thermal radiation prop erties of 
aetals ''az 'fairly stable solids such at 810, Z aO, or TiOg will 

2. o: 8. Anderson, V. If., Mayer, and 0. ,K. Vehner, Journal of 
Applied Hxyslcs ^ 2991 (1962). 

5» O.X. Vehner, C. B. KenKnlgbt, and D. L. Rosenberg, ’Wxllflcation 
of the Lunar Surface by the 8olar-¥lnd Bomberdaent". TO b# pub-, 
llahad in ?Lieafrtaiy and Space Science, 
k. 0. L. Anderson and George J. Bothvaag. - RASA Tech. Bote D-1M6, 
Ames Research Center, Moffet Field, California. « 
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undergo cataotionhle ohangoe froo *.ho alight bcnbaWiwnt of tbe 
eolar wind, which cor.reepunde to only—: >0 sonplayene per year. 
But, one enact 'eicljde the poaellilUty that in violent nolar 
btorna. In nlnslona donor to the Sun and of long ilnration, and 
with certain laaterlaU, or In Ion engine M.vU'onneata tbe problem 
con bo noru aorloua ami vorranta furthor study. 
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; SUMMARY * A ~ 

! /+ 

An analytical model Id developed to predict the change in the ehiittance 
bf a surface caused by particle impact. This model is applied Sn a representa- 
tive fashion to determine the change in the emiliancc aue to the space environ*- 




^ INTRODUCTION 

fe'4. Before artificial satellites were placed into orbit, it was uncertain 

^/what effects various parameters of the space environment would have on them. 

Satellites have been designed which have successfully operated for more than 
\^qne year in the space environment. Indeed, to some it is surprising that the 
^•p&ce environment is so mild. One such mild space environment parameter 
7^6 the presence of a relatively large number of solid particles in space. One 
* gisually neglects the effect of the impingement of these particles on the thermal 
sSftdiative characteristics of surfaces partly because even erosion- and cratering 
^^eneitive surfaces have not changed enough to significantly affect the satellite's 
/“'temperature. However, the question of ’what is the effect" has really never 
Jbeen answered. In the future this answer will become more important because 
ltd the postulated increase in particle flux near the lunar surface and the antici - 
^fiated use of more critical surfaces such as lenses and windows. 


5 This paper will be r sstricted to the change in emitiance of a surface 
\<r to particle Impact as applied to the space environment. Hence, several 
pics are discussed only in general terms' mainly for a background and for 
krticular information needed Is the development of an analytical model which 
•fll. be used to predict the change in craitt&nce in the space environment. 
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e The eminence 

£c Change ir. thi'. tmittance 

• I 

e n The eu'.iaanco of the surface after cratering 2 

e„ The emittancu inside a crater 

• t 

e The initial emittance of a surface 

o 

W The radiative energy flux (energy radiated per second and per unit 
of area) | I 

W b The radiative energy flux for a black body * 

W n The radip.tive energy flux for a cratered surface 

W G The initial radiative flux of a surface 

At The total area of the surface of interest 

i » 

ft Area of the openings of a crater 

A^ Ar ea of an ellipse 

F Configuration factor 

dA c Elemental area on the area of the opening of the crater 

dA^ Elemental area on an ellipsoidal crater where i can^ual 

1 . 2 , 3 . .. 

i 

Pi The angle with the perpendicular of the ray from elemental 
area dA^ to dA^., * 

P 4 The angle with the perpendicular of the ray from dA^ to dA^ , 

R- Distance between elemental are* dAj and dAj 

G(i, j)The fraction of energy from dAj to dAj 

2 • 


."T,- \ 




I 


. 'V 

/v fl S fl. P yr,e ' W&jikoL &**}£*,, )ni£lf£t ^- t ^‘ ' - • 

1 
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SUMMARY .a / - ~ 

/(' " ' '' 

The surface temperatures and the environmental stabilities of 
thermal control surfaces have .een observed to change measurably In a 
near-earth orbit on the* 8 -l 6 Orbiting Solar Observatory (060). The 
changes In surface temperatures caused by ln-ejmce ultraviolet degra- 
dation do not correlate with predict icnn from ground -taped simulation 
of environmental conditions. The geneiel behavior of these surfaces 
has suggest -A a possible technique of evaluating the accuracy of ground- 
based simulation experiments, nwnely, the measurement, of surface tem- 
o perature of a film consisting of a well-behaved polymer system. Films 
of both polymers and copolymers of viryl chloride were exposed to ultra- 
violet radiation In vacuum and were found to exhibit a regular and 
quantitatively mensurable change in r-olar aboorptance with tine. The 
major changes produced by this exposure occurred in the ultraviolet and 
visible regions. Virtually no change has been observed Jn the infrared 
absorption spectra of these films, even after exposure to the equivalent 
of 72 hours of space scler radiation. In the exposures to simulated 
7 conditions of vacuum and ultraviolet radiation, a linear change with 
time in the ratio of solar &br arjter.ee to esittance has been observed to 
t occur after an initial transient period. The regular beha"lor of these 
, films indicates that a reasonable prediction of the temperature changes 
which would occur In the real space envlrvuncot can u*. made* 

) t x , / 7 $■&( 

r To obtain the desired mechanical properties ‘or a flight test, a 

surface consisting of a pure polyviiqrl chloride terpolyner film (VM3H) 
was' cast on a polished aluminum substrate. This material is found 
‘experimer. lly to behave almost Identically to the pure polyvlqyl 
I chloride.. Predicted temperature changes of such a surface will be 
compared with the actual results obtained by orbiting the surface on 
the 8-57 06H. ■ The amount of ganaa radiation required to produce a 
given change In the aba arpt once equivalent to that produced oy a spe- 
cific aaount of ultraviolet radial its) baa also been determined experi- 
mentally^ The gaszm radiation which would produce the asms effect us 

1 SASA-Aaeo l»e ‘earch Center, Moffett Field, California 
Stanford Research Institute, Menlo Park, California 




\ 


t 




I 




a 9-hour expos'-ve to the polar ultraviolet would require a period of 
3 or H years explore in space; and, hence, would not influence the 
results of the correlation of the ultraviolet .ucpoaure. 
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Roflectlve vlilto paints, ccmsis*.ine| OZ innrftanlc pigoants and 
organic polymeric binders, have been employed afl thermal control sur- 
faces for space vehicles. A variety of polymeric types of binders 
have been investigated lor this purpose. Paints baaed a\ acrylics, 
silicones, phenolica, and epoxy resins have been used (ref. 1). None 
of these materials ore unstable in a vacuum in the range of operating 
temperatures encountered on a spacecraft. The inorganic pigments, 
far example, titanium dioxide, are relatively stable to the action of 
the incident electromagnetic radiation encountered In these applica- 
tions. All available evidence obtalaal to date points to an altera- 
tion of the molecular structure of the polymeric components produced 
by the incident ultraviolet radiation as the principal cause of change 
in the thermal control characteristics of these coatings. . Nine percent 
of the total energy of incident solar radiation la near-earth orbit 
lies la the region from 2200 to bOOO A and only 0.02 percent below 
2200 A (ref. 2). The energy of photons in the wave-length region from 
2200 to 4000 A ranges from 5*6 to 3-1 electron volts. These photons 
have sufficing energy to break carbon -carbon bonds characteristic of 
organic polymers, the strength of which is of the order of 3 electron 
volts (72 kcal per mole), and this can Initiate molecular damage proc- 
esses. The specific chemical structure of the polymeric binder deter- 
mines both the specific wave lengths and the degree of absorption • of 
the incident ultraviolet radiation. The basic chemical constitution 
of the polymer also determines the course of the ensuing degradation 
reaction. * 

The degradation reaction may produce scissions, cross-linking, 
cr functional group alteration. Only when the damage process leads 
to the production of highly absorbing groups nay one expect a signi- 
ficant change in the optical properties of coatings fo rm ula t ed from 
these polymers . 

a'o correlate quantitatively the effects of a simulated environ- 
ment with those of an actual orbital flight on the rate of change of, 
temperature of a polymeric film, a basic polymer with the following 
properties is required: 

I .. 

(l) It absorbs photons in the range fraa 2200 to ss least 3000 A 
and these photons should be effective in generating color - 
producing groups. 


2 


I 


I I 


(2) 


( 3 ) 


(4) Its specific color -prodi jc ing reactions are free from the 
the effect c of differences In spectral distribution. The - 
quantum efficiency and both the number and kinds of groups 
formed should oe Independent of the wave length of ultra- 
violet radiation absorbed. 

(3) It Is sufficiently stable at the operating temperature of 
the film that thermal degradation docs not occur, and thus 
complicate the Interpretation of the ultraviolet damage 
process. 

Information on the photochemical degradation reactions of ' 
polyvinyl chloride and copolymers containing a substantial portion of 
polyvinyl chloride monomer suggests that such polymers could possibly 
meet the foregoing requirements (ref. 3) . ^ 

y -/?***- 1 c * rufT - 

rThe specific research cO=be described Is concerned with the 
evaluation of thin films of polymers and copolymers of vlr<yl chloride 
as indicator coatings, as well as with approaches to ground-based 
simulation which, if successful, could be used ultimately to predict 
both the expected temperatures and temperature c hang es with time of 
exposure to solar radiation. This paper discusses the research to ' 
date on the ground -based phase of this program. The results obtained 
herein will be correlated ultimately with an Ir. -flight test on the 5-5? 

Orbiting Solar Observatory 
simulation technique. 


should provide an evaulatioo of the 


Its principal damage reaction is chroaophcre production so , 
that absorptivity changes in a regular’ manner with time of 
expOBtzre. (Under the conditions of exposure there should 'be 
no significant autocatalysis; that 1 is, this reaction should 
be zero order with respect to the chromophoric reaction.) 

’ 0 ) 

Tt undergoes the required chromophorlc reaction without 
significant alteration in the basic mechanical properties 
of the f llzi;' that is, Its physical properties should not be 
affected either by cross-linking or by scission so that the 
film can endure a reasonable orbital flight and experience 
the expected temperature changes while still retaining Its 

mechanical integrity. 1 1 



1 rXPSUHHTTAL HSSUIffS 

TiPa -Epoxy and TiO^ -Silicone Coatings Used as Thermal 
Control Surfaces on the 8-15 0S0 Satellite 


The surface temperatures attained by TIOa-epaxy and TlOa-eiiiccme 
coatings during the first orbit of the 8-16 050 are shown in figure 1. 
It can be seen that the maxima temper at ure reached by the TlOg -epoxy 
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Discussion of Results 

. i 

. ' .1 

It was found convenient to present and consider the spectroscopic 
changes In films In tarns of the optical density defined by the equa- . 
tlon 1 _ } 

• * •. ■ *' *' : m \~ ' O.D; - in I 0 /I 

vhere. ic Is the Incident, intensity and I Is tho transmitted ‘inteo - 
city, a change In optical density (A (O.D*)) of, say, 1.4, Implies thr.t 
the transmisclon, T (-I/Iq), io essentially reduced toj a level which Is 
10 or about k percent of the original trannmlsslor. value. The 
method of representing the spectroscopic changes In the films by optical 
density rather than transmission car other quantities, was selected bo 
that the changes In absorption could be- related directly to the Increased 
concentration of the color -producing groups. The uhangts in optical 
density, of the free films of pure polyvinyl chloride With time of expo- 
sure to radiation in the wave-length region 2200' to 6000 A are given In 
figure 6. The change In optical density; as plotted. Is the difference 
In optical density (or absorption) of the polymer film at a given wave 
length before and after Irradiation. The Increase in the optical den- 
sity and the shift of - over-all absorption into the visible region is 
evident. After a ftotal exposure of o hours, the polymer is nearly com- 
pletely opaque to radiation at 2800 A. “ - 

• I • * S-* \ - ' : V 

The basic chemistry underlying tM« photochemical' - change In IVC, 
based cm references '.3 and 5, la outlined' In figure 7- The fir etc step 
In this processes assumed to Involve absorption of energy by trace 
Impurities In the system In the farm af unsaturated end groups, catalyst 
residue, residual solvent, etc. This energy absorption, followed by 
energy transfer to the basic polymer, la 'Sufficient to Initiate the 
reaction through the removal of an energetic chlorine atom, leaving a 
residual radical on the chain as shown. Propagation of the reaction 
Involves the removal of the hydrogen atom. isnedlotely adjacent to the 
radical site to -form a molecule of h ydro g en chloride, termination occurs 
by formation of a * bond from the available pair of electrons. *' It - has 
been shewn by Boyer (ref. 6) that the continued Introduction of double • 
bonds by this mechanism Is a nonrandom process. Indicating that the v „ 
removal of chlorine next' to the double bond site proceeds iaaro easily 
than the removal of chlorine from an ordinary carbon In the polymer ' ! J 
ch ai n . As the process proceeds, a conjugated linear' polyene system is 
developed which absorbs strongly irf the ultri* violet'and vislble regloa 
of the spectrum. To dax.e; ! tbn exact- concentration and extent' of the con- 
jugated- system Is unknown. -Photochemical Investigations’ are under way : 
t o,: determine the nature of ~ tils structure. “ *' * - 

. ^ f • •/ , .... ' *• 

. t The . change in optical density for pure IVC for a number of wave r 
lengths from 2800 to 6000 A as a function of time of ultraviolet radia- ' 
tlon is shown in- figure 8. This, figure shows that there is Increased 
opacity at all wave lengths over the ultraviolet and visible regions, 
and that the region of complete opacity (change in optical 


f 


t 

density In excess of about 2 . 0 ), progressively advances to longer wave 
lengths with Increased dose . No difference has been observed in the 
rate of color formation between the polyvinyl chloride and polyvinyl 
, chloride terpolymers. In the cases of both polyjtero, no change in the 
infrared spectrum of 'the free films has been 'observed up to as much as 
t * 72 hours of ultraviolet radiation in vacuum. 

As mentioned before, for the proposed 1 flight tests, it Is 
necessary to have a polymer which adheres well to an alumiT:um metal 
substrate, and is sufficiently flexible as well, bo as to not crack 
during the expected temperature cycle (similar to fl®. 1) • The vinyl • 
acetate component of the VMCH taxpolymer provides internal plasticiza- 
tion and. the maleic acid provides the necessary polar groups far 
i adhesion to the substrate. It is interesting to note that the 

ultraviolet -Induced changes In optical density of this terpolymer are 
similar to those obtained for pure polyvinyl chlor7.de. 

* In addition to ultraviolet radiation, the flight tested surfaces 

experience collisions with higher energy photons In space. For this 
reason, the effects of gamma radiation from 10 to 16 mev were also 
1 examined on the polyvinyl chloride films. Figure 9 rhowB the changes 
r • in optical density produced by v radiation. An essentially analo- 
gous situation is obtained here In the way in which the opacity at each 
» wav": length steadily} Increases with Increased gaosa radiation. An 
increase in optical density with Increasing dose similar to that far 
ultraviolet radiation la observed. The near equivalence of the effects 
i Of ultraviolet radiation and gsw™ radiation Is shown In figure 10. 

It Is clear that a doe# of 9 hours of solcr ultraviolet energy produces 
» a change equivalent to a dC6e of gamma radiation of 10 megarads. It 
would probably take a period of at least 3 to 4 years to obtain a dose 
of this magnitude from the higher energy photons available in the . 
environment of the 080 satellite, vh areas, a similar effect would be 
produce! In a few hours of ultraviolet radiation. These results Indi- 
cate that the effects of higher energy photons in space can be ignored 
in this ultraviolet degradation comparison. 

The temperature rise which occurred during expeeure cf the VMCH 
film ca aluminum substrate to ultraviolet radiation In vacuum la given 
in figure 11. It can be seen thsrt there Is e rise in temperature from 
27° C to about 46° C in 1200 minutes. 8ince no change in the rate of 
for ma tion of chrcoophore was observed In these tests It appears that 
the activation energy far the. dchydrageui ration of polyvinyl chloride 
Is very small under these conditions. * • precautions were taken to 
control oar to correct far the energy esk-uted from the bad face of 
these composites cr to shield this surface, therefore, this teng>erature 
rise does not quant i tat ive iy Indicate the expected tearperoture rise on 
tbe satellite experiment. 

Tb-fi decrease In the percent of energy reflected due to l6.5 hours 
of irradiation with the HA-2 lamp cf the VICH terpolymer cast on an 
aluminum substrate is given lt» figure 12. The percent reflectance as 
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a function of uev* length <xw 3000 to 89,000 K uns determtoed ty the 
Ql or Gunhd htdsphwioal rofleotande spootrephetiemetw. The shaded; 
area indicates the uaveciength region of change In refleotanoe Owe \o 
alteration in the fUm properties, tt o*n he seen that the largest 1 
change in rofleotanoo ooeure In the visible and ultraviolet i.eglon 
bdov TOOO A. This corresponds to the region of change in optical 
density for the free fill* of thle polymer, and suggests that on the 
altxu'nai substrata, the production of ehrosephsres in the polymer ?s 
still the principal ea-vae or ehmtie In optical properties. It sen he 
seen thet above 9000 A, there la little change In the absorption vtth 
ultraviolet exposure, » result also sfitielpated fren infrared absorp- 
tion spectra of the free nine. This behavior of the reflectance 
enoetre Indicates thet e relatively constant value of emittanoe and a 
rapid change of the solas' absorptanee cf this system with tlae of ultra- 
violet irradlstiw oan be exported* the Initial value of solar ebserp- 
tanoe of O.Oj changes to 9. by vlth 16 hours of Irradiation vhUe the 
eelttanoe rcaatns constant ah a value of O.S). 1 

The chaise In .the ratio of solar absorptanee to omittance for the 
VWJ8 terpolymsr on aluminum substrate after Irradiation at one solar 
constant betveen WOO end 6700 A for expesure times up to 1500 minutes 
la given In figure V}. It can be seen that after an Initial relatively 
rapid rise, the change in the ratio of solar abeerptaneo to atfitence 
nontlnues to rlso linearly* The change In <y« over the test period 
Is significantly large. The temperature changes calculated for these 
increases in ratio 1 of solar absorptanee to omittance as a function of • 
exposure tlae are given In figure It, These results Indicate that' a 
temperature Increase of JS° 0 over a test period of 1?W -minutes can be 
expected. *' 
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These results Indicate that polymers of vinyl chloride nay bo 
satisfactory comparators for correlating the changes tu solar absorp- 
tions produced Ur exposure to ultraviolet radiation In flight and 
ground -based toots. These polymeric films meet the criteria for a 
veil -behaved system, In that they undergo a regular change In option! 
density with time of exposure, and the change In solar absorptanee oan . 
be moaaured easily as a change In temperature, furthermore, the photo- 
chemistry occurring In vaouua la free from complicating side offsets • 
such as surface erosion end depolymsrlsatton characteristic of smny 
polymers. ' 1 

Because of the extrema sensitivity of the ultraviolet end visible 
absorption spectra tn the ehrenephore eoneentretlon, these - nine may 
find application as accurate ultraviolet dosimeters If H can be shove 
that the scant urn efficiency for the production of these odor -form! eg 
groupa la lodepondant of the move length of absorbed photons la the 
phatootualeslly productive region. . . 
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*U*» *U1 be flovn on the 8-37 630 satellite suwtlae In 
ISob, at vhleb tins It vlll be possible ta oonpore the temperature 
Ranges predieted by laboratory tests vlth In-flight measurements 
directly. 

1 

future plans Include Improvements tn matching the phacoolwmloally 
productive region of the solar ejeetrun In the laboratory tests and a 
critical analytic of the hi net tea at the chmsephere reaction. 
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' The requirement for. high stability to tho space environment includes not 
only the solar ultraviolet as a consequence of tho’ sun's temperature, but also 


other radiations in space, primarily galactic (cosmic) proton radiation and 
trapped charged particles in the Van Allen belt. Adequate simulation of sol* 
ultraviolet below 2000 A, including Lyman alpha as well as the high-energy 


particulate radiations, is both difficult and expensive. Furthermore, ot a total 
of 135 watts per square foot at earth- distance, less than 0.23 watte per square 
~foot of electromagnetic radiation is radiated below 2000 A, whereas about 12 
watts per square foot is radiated between 2000 and 4000 A in the near-ultra- 
violet. Since the development of stability to high- energy radiations is useless 
unless stability to the more prevalent near -ultraviolet is assured, space - 
simulation efforts were confined 1 - to the near-ultraviolet region from 2000 
to 4000 A at a vacuum in the range of 10"! torr. 


SOLAR ABSORPTANCE MEASUREMENT 


Solar absorptance was determined indirectly by measurement of spectral 
reflectance in the wavelength range of 0. 3 to 2. 7 mu (300 to 2700 rap). The 
reflectanco data were integrated with solar spectral energy ,d-.tal for the upper 
atmosphere, to yield solar reflectance. Subtraction of the solar reflectance 
from unity yielded solar absorptance. Comparison of these solar spectral 
energy data with the data of N.lcolct 2 showed that solar absorptance agreed 
within 0. 003. . . y * ' 


1 'I 


A General Electric recordiug ipcctrophotometer, which employs approxi- 
mately normal illumination and diffuse viewing of a sample surface, was used 
for the visible spectrum, ^80 to 7^0 mp; and an, integrating -sphere reflectome- 
ter of our own design was, used for both the ultraviolet and infrared ‘.regions. 
The latter incorporates a Perkin-Slmer quarts monochromator as a disper- 
sing system along with appropriate sources and detectors. 


Both reflectometers measure reflectance relative to a standard. These 
are comparison Instruments, since .the sample and the standard are both iu 
place at all times. Magnesium oxide was used as the standard, and the rela- 
tive reflectance data obtained were converted to the absolute basis by us ins 
the absolute reflectance data of magnesium oxide published by Middleton. 6 
Reflectance data which are presented in the tables am limited to valuesjat 
440- and 600-mp wavelength. 


Since it was not economical to provide solar absorptance valuos during 
the. extensive screening operations , for many materials the effect of apace 
simulation was .evaluated in terms of reflectance losses in the visible region. 
This method it considered satisfactory, 'since the predominant losses occur, 
in die 400- to 600 -ny wavelength region for most white and transparent ma- 
terials. 


where 


i 

In many cases solar absorptance values are reported as 0C . and 2 * 

re • » ,, 
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Of. corresponds to that half of the sun's energy spectrum which Ues below 
700 -mn wavelength, ?nd corresponds to that half which lies above 700 rap. 
By splitting Gf into twu components, that region of the spectrum undergoing 
the most significant change in absorptance is more readily described. For 
example, some formulations show little change in solar absorptance on irradi- 
ation,, but their reflectance decreases in ( the visible region (increase in 0 ? () 
and is counterbalanced by a corresponding increase at longer Wavelengths 
(decrease In It 2 )l 11 


SPACE SIMULATION 
Vacuum Simulation 


Oil -Diffusion Pump. * The vacuum of tho space environment is variously quot- 
ed at lo - ^ to 10 “'* torr, but the attainment of such pressures in the labora- 


tory, is time-consuming and probably unnecessary for the purposes of this 

At much higher pressures, 10-6 torr, there is no evidence of oxidative 


work. 

degradation. Also, the mean free path of evolved molecules is large compar- 
ed to the dimensions of the chamber, so that further reduction in pressure 
would not be expected to change the results of space -simulation tests. 


These principles guided the design of the space -si mutation chamber 
shown In figure I, which was used in the early screening operations. It con- 
sists of a cylindrical chamber 24 inches in diameter and 24 inches high, cool- 
ed by refrigerant coils on its outer surface and capped with a torispherical 
head in which three General Electric mercury-arc AH -6 lamps are mounted. 
The^ distance from the La: ps to the samples, which are mounted on a turntable 
beneath tho lamps,, can be adjusted to achieve variation of radiation intensity. 
The radiation intensity varies at different distance s from the center of the 
turntable, so various acceleration factor’s ore possible. The constancy of tec* 
radiation ia monitored by reflecting apportion from » first-surface mirror, 
mounted over the center of the turntable, through a quarts window on the head. 
The absolute intensity is measured before and after each run by usi'ig a wide- 
angle, temperature -compensated thermopile. 


Several types of sample* turntables are available. The simplest is a 16- 
inch flat plate, suitable for use when no measurements arc to be made in the 
chamber. Typically, this was used when the reflectivity of a number of ma- 
terials was to be measured before and after irradiation. The turntable as- 
sures that all samples receive equivalent exposures at a given radial distance. 
It ia rotated by a IZ -point Geneva drive and a 2-rpm fractional horsepower 
motor in a welded housing which is open to the atmosphere through ventpipes 
in order to eliminate the problems associated with operating motors in a 
vacuum. 


The chamber is mounted on a 10 -inch oil-diffusion pump. National Re- 
search Corporation model H-iO-SF, with aa approximate pumping speed of 
4000 cfm at 10*6 torr. In practice, the pump reaches 10*° torr routinely, 
end all ultraviolet testing was performod at this level or below. 
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The sampler were of . many forme; ‘pigmented a nd, clear ffiras^' freehand on 
a substrate, compacted and loose powder*. For uncoolsd samples; as-used In 
thle equipment, the nominal specimen temperature* were 150* F at, ah Intensity 
of abort 3 solar equivalents. - •’* ^ *' c %• •• ■ ' 

'• ' ’ * ' ‘V" * : ■ . _-f-' , M v «v> . *i- * **■ 

Ion Pmny. - An ion-pumped space * simulation chamber- ware onetroc ted, and _ 

was u%ed for longer-term tests. 1 The system provides a convenient means of > 
obtaining a clean oltrahigh vacuum. The chamber is provided with a quarts 'h' 
window and a liquid-cooled sample table. The tablo, shown inFigure 2,. can be 
cooled. with liquid nitrogen, ice water, or tap water and can accommodate six 
1 x I inch specimens.- JTbe system, shown in Figure ,3. consists of a 400 -liter/ , 
sec Vartan Vadim pump/ which- is <; prepumped with both a molecular-sieve sorp- 
tian pump and a mechanical pump. An AH-6 lamp is mounted over the quarts /- ’ 
window, which is shown in place in Figure 3. Reproducible equivalent solar?, ^ 
factors, aa determined wi th a temperature - compensated thermopile, wereA 
achieved from 4 to 18 irt-*»it£es i2000,to 4000 A), A plot of 4f& (D a "distance 
from the lamp to. the sample table) resulted in a straight-line relation' < 


Solar Simulation ' ’ ’ , . 
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The solar ultraviolet spectrum is given in Figure .4. ; Also, shown in this 
figure is the energy spectrum of a typical AH-6 lamp at comparable total Inten- 
sity. The wavelengths* below 2000 A contribute less. than 0. l%. of the total ener- 
gy and so can be disregarded withorteignificanterror.\**‘T ' vj? -* * 

, < . , ^ * p - r " r . • j* Jr° , ^ * 

. >Tbe total lamp intensity was. measured with a wide-angle temperature- - 
compensated thermopile obtained from the Eppl.y Laboratories, Inc. From 
the thermopile output, the solar factor wM c r - c u l a t ed a. {allow.: „ n .'., r -. _V_, 

> . •. -"N • ■. v« •* vr ..p * .'A * 

, The thermopile output was divided by 2, since half of the total energy of the . 
**rop is aseumed to be below 4000 A. The solar intensity at wavelengths below 
4000 A. has .been determined lobe 1 3 milliwatt#/ cm 2 . Cal/cuj 2 / coin .was con- 
verted to milliwatts /cm 2 by applying sey oral conversion fetors, ' By, dividing 
this, value byA'onr^ solar, factor of 13 milliwatts/cm 2 , tle munber. of "»uns, ,f A 
ox thb .equivalent •oUrfactor.forsgiven thermopile output was obtained. V, 
Solv.r&ctora were determined C. r various lamp -to- sample distances in the «. 
ion -pumped chamber;. -' r> -' "J; ’ V*’.*; \ Z :~ 


• Solar Factor 


r- a given thermopile output was 'obtained. n 
• various lamp- to-sam pie distances in the _ <>. 
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The AH L 6’lamp;ii poiirionoO over the sample, at a distance corresponding 
to the solar &ctor de*ir7;d. A' small recording thermopile i§ positioned over 
the lamp and is usVd.tb monitor, changes in the lamp intensity over periods of 
time. . This information i* ^ valuable' in^ 'at signing an equivalent sun-hoar radia- 
tion value to a given space- sinrilation experiment. 

■ Assessment. of the damage caaiedby space- s imul ation tests could be in 
er ror if the spi^tral ^Qxut of tHe ultraviolet source were reduced dispropor- 
donately, i. e. , if the radiation below about 2800 A decreased with lamp age at 
a higher rate'tfaan the limger-wavelength ultraviolet. Therefore, attempts 
were, made to 'measure die spectral output of several AH-6 lamps before and 
after operation. A Scyc-Namiofca vacuum-ultraviolet monochromator manufac- 
tured by Jarrell -Ash was used. 1 " 

The results were l inCohclusiive. There appeared to be a dis proportionate 
decrease '.in 'peak'Antensity ar 2285 tod 2535A' after 100 hours. The decrease, 
if interpreted properly, amounted to 20%; ‘ No such trend wae discerned tor the 
lower - wavelength continuum. It was therefore concluded that calculations of 
equivalent sun-hour a, of exposure (ESH) on the basis of the overall drop in lamp 
ir^nsity during a given test were reasonably accurate and meaningful. 

The criteria. for } changing lamps were either a 30% decrease in the overall 
lamp intensity, ; as meaeured with the recording thermopile, or the incipient 
erratic behavior of a lamp, whichever occurred first. 

. . . PIGMENT SCREENING ’ ' 

The prerequisites for selection of pigments were that they be white and of 
high refractive, index and purity. .The most important factor in the choice of 
materials, ri^ie. , .stability to the' apace environment, was determined by ocr cell- 
ing tests and from limited information in the Literature. The search for pig- 
ment materials was a continuous activity during this research. 

For preliminary screening tests, the samples were prepared as compacted 
powders that were suitable tor both solar- simulation exposure and optical 
measurements. Powders which were not compac table into a coheJive body 
wereplnced in aluminum dishes* for solar exposure. This ’procedure precluded 
optJcal meaaurements aiKi permitted only visual* observation of color change. 

' * Considerable' coloration occurred in most of the pigments, aa shown in 
TiMe v i.7H«qnrese^ailve reflectance values are given tor two wavelengths in 
the . visible spectrum, 440 and 600 mp. For most of the early screening work, 
'reflectance curves in theivisible spectrunrwere sufficient to suggest or prs- 
• duds' additional study. ' v . ' 

’ is gene ml; natural, minedzhinerals were less affected by ultraviolet 

irrmdiafion i'vactmm di^ synthetic laboratory chemicals. Exceptions were 
sine compound* and tin oxide. For example, natural 'rvoUastonite was superior 
to synthetic caicium silicate. r Calcinatiop of hydrated materials to their anhy- 
drous torn* enhanced stability, as evidenced by the kaolins and 1 talc. Calci- 
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nation at 1000* C for. 16 hours of alumina, alrconia, and airc on, however, *^had 
li^e effect on. tho^r attbitity. .. Apparently any loss of adsorbed or absorbed 
water and the possible strain t eli ef . gained by thermal treatment did not change 
the. degradation characteristic* "of these materials. A marked difference in 
stability was apparent among different crystal forms of the saraa material. 
Matastahle gamma alumina and cubic {unstabilised) sirconia degraded much 
more severely than their stable counterparts, alpha alumina and monoclinic 
airconia. Materials other than nine oxide which were fairly stable were sine 
sulfide, stannic o_ide, diatomaceoua earth (amorphous silica), and fired kaolin 
(mulUte plus amorphous 'silica). Although ALSiMag 243 (foraierite) also exhibi- 
ted good stability, its lowdnitiai reflectance precluded further study. 

The following materials, which are not listed in Table 1, were moderately 
to severely degraded in short exposures to ultraviolet radiation in vacuum: 
boron nitride, calcium carbonate, calcium fluoride, lanthanum oxide, basic 
white lead,, basic silicate i of white lead, hydrated magnesium silicate (talc), 
titanatoe & aluminum, lithium, strontium, and sine, and phosphates of alumi- 
num, calcium, and potassium. 

■ 

The deta in Table 2 show that sine oxide was clearly the most stable pig- 
ment studied, rivaled only by sine sulfide, tin oxide, and possibly diatomaccous 
earth (Table 1). Long-term tests a*. 1720 ESH revealed a surprisingly high ab- 
sorptance change in SP 500 sine oxide. Good stability was exhibited in the same 
testa by calcined SP 500{Pignr«s 5) and also by the unfired and fired forms of 
A20-5SL0 xinc oxide. u 

Improvement of stability, observed in SP 500 and AZO-55LO, may be due 
to both the smaller surface. area of the larger calcined articles and the elimi- 
nation of defects and may also be due in part to volatilisation of contaminants. 
Lowering of the initial absorptance results mainly from reflectance increases 
in the infrared region; these increases may. be due to enhanced scattering at 
the longer wavelengths by the larger particleal ' * 

I 

MISCELLANEOUS INORGANIC PAINTS 

Water -based inorganic binders which were investigated were: monoalumi- 
num dihydregen phosphate, colloidal silica* , and alk&L silicates. Stability of 
the binders was studied by their incorporation into paints which were subject- 
ed to a simulated space, environment. The results revealed the inferior sta- 
bility of colloidal silica -bonded coatings. Phosphate -bonded pai nts generally 
exhibited optical property changes similar. to those of silicate-bonded samples. 

As i group, the alkali silicates were preferable to'aluminuzn phosphate 
from the standpoint of both a lability. and physical properties. 

All paint formulation* contained three ingredients: pigment, hinder, and 
enough water to achieve a sprayable consistency. Mixing was accomplished by 
ball milting with porcelain balls. Spr&y-painHno «»• dznc with a Paasche type 
AUTF airbrush; limited brush-painting was done with conventional camel-hair 
brushes. Aluminum pieces -were roughened prior to paint application to pro- 
mote adhesion. The majority of the non- sine oxide prints were irradiated in 
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the oil* diffusion- pumped system with the internally mounted lamps. 


Test results for a variety of paints appear in Table 3. In this group, tin 
oxide- and sine sulfide -pigmented coatings were the only materials which ex- 
hibited stability approaching that of sin r oxide paints. However, both compo- 
sitions had a higher solar absorptance than sine oxide paint*. 


Diatomaceou* earth and fired kaolin were relative'/ stable in the pigment 
screening studies. Poor stability was exhibited by the paints incorporating 
this form of silica, in contrast to the favorable data for the pigment alone. 
Molochite is a highly calcined aluminum silicate produced from a kaolin low in 
iron and alkali. It is essentially crystalline muilite plus a small amount of 
amorphous silica. Fairly low reflectance changes due to ultraviolet irradiation 
in vacuum were observed for the various grades of Molochite. 


Although the reflectance changes for paints pigmented with zirconia in the 
short teat_(75 ESH) indicated fair stability, later experiments revealed that 
sirconia-pigmented paints were unsatisfactory . Limited tests showed that coat- 
ings incorporating sircon were relatively unstable. 


Of the non-sine oxide paints, only three compositions were relatively 
stable: those containing zinc sulfide, stannic oxide, or Molochite #6. 


ZINC OXIDE INORGANIC PAINTS 


Zinc oxide-potassium silicate paints were formulated and applied in the 
same manner as described for the other inorganic compositions. 


Effect of Coating Thickness on Optical Properties 


Studies were conducted to determine the effect of coating thickness on 
solar absorptance and emittance. Figure 6 graphically illustrates the solar 


absorptances of SP 500 sine oxide -PS7 potassium silicate coatings which had a 
pigment -binder ratio (PBR) of 4. 30 and a solids content of 46. 3x« The -data 


reveal that minimum solar absorptance was obtained with a coating thickness 
of about 5 mils. Approximately the same thicknes* was necessary for mini- 
mum solar absorptance of coatings pigmented *»uth calcined SP 500. Minima^ 
solar absorptance is approached at a thickness of 4 mils. The predictability of 
the solar absorptance of a coating thicker than 4 mil* is 4 0.01. Tdal normal 
emittance is relatively insensitive to coating thickness. Ten samples which 
range from 1 to 5 mil* exhibited emittance values of 0. 94 to 0. 98. 


Stability to a Simulated Space Environment 


Preliminary Studio*. - In all the early studies sine oxide paints were dearly 
more stable than other inorganic coatings. Representative results of the early 
testa in the oit-difiusion-pumped system are tabulated in Table 4. Very small 
reflectance losses, mainly in At 440-mu region of the visible spectrum wei:e 
experienced by, all the coatings. 1 
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Total normal omittance values were determined fox^some of the coatings 
before and after space simulation. The high values, all in excess of 0. 90, 
were virtually unaffected. 

I 5 s 

A number of silicate- bonded a inc oxide coatings were deliberately^* oiled . 
by immersion in Duo Seal vacuum-pump oil, . This simulates one of .the soiling 
problems which can be expected to occur' in satellite evaluation tests* After 
removal from the oil, the samples were exposed to ambient conditions for 5 
hours. The excess oil was then removed with paper towelling. Two cleaning 
operations followed, the first consisting of wiping with acetone -soaked paper v 
towels and die second consisting of washing with Alconox- tap water and scour- 
ing with a nylon brush. Final rinsing with distilled water preceded drying 
under ah airblast and complete drying at.l30*C. Moderate care in all the oper- 
ations prevented any apparent damage to the. coatings. The samples were ex- . 
posed to ultraviolet irradiation in the oil- diffusion-pump vacuum system. 

As shown in Table 4, 'a slight decrease in reflectance resulted for most of 
the soiled and cleaned (S-W) samples. Exceptions to this, were some samples 
of initial reflectance lower than 80% at 440 mu; these coatings exhibited a ^ 
slight increase in reflectance. Upon’ exposure to the simulated space environ- 
ment thaa samples which suffered losses- on washing bleached slightly. On the 
other hand, coatings which showed an increased x'eilectance on washing reveal-^ 
ed slight losses after exposure to the simulated space environment. In all 
casee, the washing appeared to have adequately, removed any degradable residu- 
al oil. " v 

I 

Long-Term Tests. - The logger -term tests were conducted in the i cm -pumped- 
vacuum system with an'externaliy mounted ultraviolet lamp. Exposures of 450 
to 4170 ESH at solar factors ranging from 8 to 18 suns were used. The limited 
capacity of the water-cooled shelf in the chamber dictated simple geometries 
of 1 inch square for maximum uae. 

More significant optical changes in the sine oxide compositions became ... _ 
apparent in the longer tests. Several treatments were found .to have little or 
no effect on stability. Ball-milling of the paint formulations, for 6 to 8 hours 
did not introduce enough impurities to change the degradation characteristics. 
Physical stresses, such as fatigue and thermal shock also had negligible effect 
on the paint. The lack of heat-curing was not detrimental to stability. 

Certain factors were shown to be conducive to aolar absorptance. changes. ‘ 
Foremost was contamination of die coating, e. g. . with sebum or acetone resi-. ; 
rtne. Application of a topcoat over a soiled area was not sufficient to retain L _ 
stability. It is possible that cleaning might remove any soluble degradable ' 
material which may be dissolving in the second coat during respraying. Lower- 
ing of the PBR was detrimental to initial solar, absorptasce and also to stabili- 
ty* “ ‘ 1 . ^ V 

The randomness of some test results 'suggested die possibility of an effect 
due to an aging factor. Samples- investigated for -curing and 'storage effects' ap-" 
pear in Table 5. A' sample which had been stored for four, mon&is was cut into • 
three pieces, each of which received different treatments. The data for 'these' 
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samples, Z79, Z80, and Z81,, reveal the beneficial effect of washing and maxi- 
misation of stability by,heatiug the paint at 500*C. In view of these results, 
contamination of the paints appears to be possible. Washing extracted some of 
the degradable components. It is possible that additional washing 'may have re- 
moved even more. The heat treatment was not at a high enough temperature to 
decompose such materials as potassium carbonate, potassium sulfate, or sine 
orthosillcate bad they been present as a contributory factor in degradation. It 
appears that, on storing, die coating collected impurities which had not actual- 
ly reacted chemically with the paint but Instead were held physically in the por- 
ous coatings. t 

Sample Z83 was cured in a carbon dioxide atmosphere by placing it in a 
closed box with dry|ice. The deleterious effect on stability was obvious from 
the change in absorptance. Poor stability was also exhibited by Z 84; a zinc 
oxide-potassium silicate formulation has a limited, if any, shelf life. Difficul- 
ties in remixing and spraying also resulted after storage. 

A group. of samples (Z87 through Z92) prepared at the same time from the 
same formulation was irradiated in the same test. As shown in Table 5, the 
coatings received various types of cure and storage. Surprisingly, the most 
stable coating (Z87) was air-cured and stored. Its change in solar absorptance 
was. the smallest noted in any of the extended (>1000 ESH) tests. The desic- 
cator cure appeared to be. deleterious to stability, and no difference due to stor- 
age in air (Z89), under Saran Wrap (ZOO), or in the desiccator (Z88) was ob- 
served. The undesirable effect of the desiccator core was partially eliminated 
by heat treatment (Z91 and Z92). The slightly detrimental effect of curing in a 
water-free and carbon dioxide -free atmosphere seems paradoxical. However, 
good stability was exhibited by all coatings in this group. 

4170 ESH [Test. - The most severe space- simulation test in the program was 
for,.4I70 ESH at a solar factor of JO. 6 suns, corresponding to nearly 6 months 
of direct extraterrestrial ultraviolet irradiation. The optical changes plus 
short histories of the samples appear in Table 6. Good stability was exhibited 
by Z93 (Figure 7) and Z94. The comparatively superior behavior of the coating 
with the high PBR, Z94, in d ic ates the feasibility of increasing pigment concen- 
tration. The beneficial effect of a 300' C hea* treatment is evidenced by the re- 
sults for Z9&. A limned deleterious affect was imparted bv washing. 

SCREENING OF ORGANIC AND ORGANOMETALLIC PAIN fS 

The organic' coating vehicles which were considered can be divided into the 
following chemical 'Categories: organometallic vehicles with organic "framing" 
groups, fluorine -containing aliphatic resins, organic polyesters, epoxy resins, 
and miscellaneous vehicles including commercial realm with undisclosed com- 
position. In this discussion, however, these hinders are divided into three 
categories: commercially available silicones, fluorine -containing aliphatic 
resfnt, and a modified silicone- epoxy composition. More than 45 resin films 
were considered tor screening. Nearly 300 pigment- binder combinations were 
prepared,* although only about 50 paints were irradiated in vacuum. 






; Tbs • tudy of wq>erimentalmethyl • iiic on^^stni.c ompr io*d;a7maj 6 r . por- T- 
tiooaf the nbb'iDOTgudc phMe’Of tbe re* wi^r4:Fo} -tWi reMcn, tho me1iyl ,i 
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*Fqur silicones^were evaluated:* O oner 41 .Electric Co m pa ny } .v R TV. ‘ , 
cone {AitQ, ,*heir LTV-602 aiiicono potting compound*- their S£551 -H •UicoC*^ 
gum* andDow Coming Corporation's 806A *iUcao« ; resin.' f *»«t two ma 

teri^s. are poly dimethyls Uoxane polymers,* R TV -1 1 c oniains silica; c alcium 
oxide, and calcium carbonate as fillers. It is cured with -Therroolits; 12i a pro- 
|nrietarv catalyst obtained from General Electric, LTV -602 iaaixahsparent 
^ fiaixidcozctaining no; fiU&r • and is cured by addition of SRC - 0 5^c5daly s t. SE551- 
^ ?J is*^ r low- shrink^ methyl -phenyl silicone gum stock ^hfidi>is^cared^with’ bens- - ■. 
oyl peroxide^ Dow Corning 806V res in- is also & mettryl-^hettyl v slUcow,^and^» 
requires heating to 480* Ft to cure. r However, additicn of tetrabutoxy titaninm*^- 
accelerates the cure at a lower temperature. *1 -’3^- ■« 

► . . ^ ‘ ^ U- . 4 , rT> ' - « N • \ % >3 V • .* ’ 1 •* 

’'Nine fluorine-containing polymer a wcre'-'evaluated. y Those umich wersob- . 
tained from E.L Dumont de Nemours and Company were:- Teflon.T FE; Disper- 
sion No. 30. Teflon YFE High Bufld Clear finish No. c 852 -202, 4-Tefldn FEP'V '* 
Disperoioa'NaT-i20r Viton A, and Vlton B» Teflon TFE is polytetrsiluoxoethy- 
lene. Teflon FEP is a ‘copolymer of.tetx'afiuoroethylene and, h ex a fl uo r opropy - 
- leneV and VitonTs a c opolymer of viny lidenc fluoride' and hexafluoroi px op y lene . > v 


“ 0 Kel-F resin No. 800 and Kel-F laten No; KF 8213 were obtained from the 
Minnesota Mining .and M a nuf acturing Company, t- The resin andlatexare each;/;' 

■ * copolymers of vinylidene fluoride and trifluorocMoroethyiene .- 4 Kel-F s NoJ 8213 
was ^ received as; an aqueous dispersion.- A ketone dispersion was made from iC 
by quenching the^aqueous dispersion of tto^latex with liqaM cittogen, covering 
the solidified material with acetone? ailowing jhe ^^d^o^warm , and decanting , 
fiie supernatant s olution. ^Theprocea • ‘ of wacwr 'detraction 5 wic ; repeated with - yy 
out farther freezing. The acetone dispersion Was then dried ov er hofix eactivc " 
drying 'agents; v> “ ^ ’ c , ^ f . '>*'■<» .X* s j'tin . ^ ^ ' ! 

V. • • >=- , .V«; tv A » 

The only, epoxy resin evaluated^was a silicone -epoxy modified acrylic resin 
known as Leonite /20 1 -S obtained from the ,Lecm Chemical InAutteiejh. Vy . , v . s 
vO < -X. „■ V V e W o ^ _ N 

° ..- Only,* two clear ox gahic poljrmer films. w^re irradiated: . one specimen of . , 

Tcfloh T FE. No^ 30 and one of RTV *1 1 silicone 1 ‘ The data for fi^sV,two coat- ft 
bags .appear first . in Table 7 ^ 7 , which a^o; c onmin s .idjuafoir}efidr : x epxcs eptafivoj^ 
organic paints Comparis an^of the reflectance changesjn P-l and P-3 iUus^ t ^ 
tretes the difference between a phcnyl and a methyl silicone binder f although 
some of the degrada ti on ln P c - 1* at 4^40 §nu was^'due^ to ‘the s tow PBR . Snt^ e qo en t 
O silicons . p a ints were fpmulairfat a P BB of ahbuT2 5^, 0 » ° •? 

• ■ i\V\ »*> T " rv^r^' i. 5 -5 

, , Coating- P-4. showed ercepdonal.-rcieUnce to degradafion: to'Ims ui ret 
jfledince at 440 im was only 1.0%, Tha PBR of 5 is much' higher Cthan is prac- 
tic&i'i however. This value is v in excess of tibus critical pigment Wom« coaccn- 






C " - 




i-! SV 


.st -'4 ’ c „ o-ys'°p 

. ■ i- ■ # «# , » 


•o 

'h A '* r r ? { 


37 


..tration for this pigment -binder combination. .* . 

Coatings P-iO*; s P-.12, and P-14 were also pigmented at a very, high PBR 
and their < respective critical pigment volume concentrations were probably ex— 
. coeded, although fairly good a<ttkeoion was observed in these paints. Of all the 
( /. nonsilicone paints P- 14 showed the best resistance 1 to yellowing. This paint 
was'the acetone. dispersion of Kel-F 8213 pigmented with SP 5 CO sine oxide. 


ZINC OXIDE-PIGMENTED METHYL SILICONE PAINTS 


>*£>. •'/ if " 


s As a result of the pigment and inorganic screening investigations* the pig- 
• mentation of -silicone-based paints was confined essentially to the use of SP 500 
mine oxide. Rutile titanium dioxide and sine sulfide were used in several in- 
stances for the purpose of comparison. ‘ 

X • - 

Except for two phenyl -methyl silicone paints* efforts \were devoted primar- 
ily to methyl sUiccme*' or polydimethylsilpxane. polymers.- The studies were 
dlv^ed inio N tWo phases: . (. 1 ) evaluation of commercially available methyl sili- 
cone polymers',". and '( 2 ) synthesis and evaluation of experimental methyl silicone 
resins; , • - - V ,• 

> v '' y< I " .v « 

^ -/ f, - .* i. • Paint Formulation . •> 

All paints were ground in a porcelain jar mill for about 16 hours at approx- 
imately two- thirds critical speed. 

The formulation fr - the silicone paints are given in Table 8 . Pigment/ 

^ Mr ler ratios are shown as both weight and volume ratios. Weight ratios are. 
o^xignated PBR (pigment/ binder ratio). Volume ratios are designated PVC 
(pigment volume concentration). 

^ /Synlfa^is. of^ Experimental Methyl Silicone Resins 

, The general reaction scheme for methyl silicone resins is given by Rochow 
and Gilliam. ^ A mixture of mono- and dis uba tituted silicon halides (or ethoxy 
esters) is hydrolysed* cod the resultant- silane trials and silanediols are con- 
densed to the resinous' product. The composition of the resin is controlled by 
Me/Bio the molar ratio of methyl groups to silicon atoms. Me/Si is essential - 
I 7 fiie same for both the reactant mixture and the product. 

Jfs. .... 

Molecular weights- were n ohtained on a Mechrolab vapor pressure osmome- 
ter, model 30 1A. The instrument Is known as a ; thermoelectric n type of os- 
mometer. 6 r 

’ -d; •*. . >■' '■ *_ . * ■ 

Tha-aiftrimtatal realat ware tyeihetited typically oo follows: 
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faperitacnttl RmId R-4; \> ■ • '<*$■ ' ' i* i ; ^ w l i . " . 

• ^fotu^twtbi-' mold* (S 9.'2 g) of dimethyldiethoxyailane (90%) and 0. 46 moles 
(85?5,g) of methyltrfethoxyi'ilane (9015) were mixed with 150>g of 95% ethyl . - 

alcohol and added to '400 g of distilled water. To'ftit mixture was added 22 ml 
of ' 37%\*iydrbchloxic acid, * ami the mixture was refluxed vigorously for 19 hours. 
A syrupy, viscous, colorless Yluid of density greater than water resulted. The 
polymer was washed by decantation until a neutral test tc litmus was obtained; 
Then 70 g of xylene wadadded,' -effecting' separation^ a^ water/ organic phase. 
The organic layer was washed with* distilled water twice and was dried over 
Drierite after weighing.' The resultant solution contained 40% resin oy volume 
(47% by weight), and the Mo/Si of the polymer was calculated to be 1. 46. The 
specific gravity of the resin solution was 0.965. * . .. - v 

i ’ .-'v.'., 4 (•« :o ■. y . ,v ‘- 

Ex perimental Resin R-5: f * * \ * v «• ~ ^ c * I - n 

Three- tenths moles (38.7 g) of.dimethyldichlcroailane (99.4%) and 0-48 
moles (72. 0 g) o£ xnethyltrichlorosilane (95. 0%) were mixed in 300 g of anhy- 
drous diethyl ether. The resultant mixture was-added:dropwisie»with agitation, 
over a period of 40 minutes, to *000<g‘Of ice. ‘.The ether layer r was separated t 
and -washed 1 once with distilled water. '-It' was then washed with; 5% solution of < 
sodium bicarbonate, followed by three washings with distilled water. The 
ether solution was dried over Drierite and evaporated at redhicedpressure, 
leaving a viscous', colorless resin. A resin solution in toluene was made at 
67.4% solids by volume. The specific gravity of the resin solution was 1. 040. 

“ Me/Si was calculated to be 1.38; c *> ■ ; 3 * %>.* **; 


Experimental Resin R-9; . - H 

The baaic,R-5 methyl Bilicone rcoin was, prepared according, to the PTOj^f- 
ceduro outlined above. * The resultant stock resin (co nt a in i n g no solvent) was r> 
,■ distilled at an average temperature of 100* C and 0.004 mm Hg pressure in an.. 
ASCO '50' Rom- Film molecular still. The upper -molecular- weight fraction 
was collected as R-9. Its molecular weight was found to be 2000. and its 
; £ ' specific gravity was 1. 180. The resin was decolorised with Atlas. Powder*s 
1 Darco Activated Carbon G60. " **.,...• v 

J .■ . • • v- .t . '■ •; > t 

. ] .v'Nine experiments! resins were synthesised during the program. The pro- 
cedure :fbr those; not included here were identical' in all respects except 1 £ot ' ?£ 
ratios of trifunctional to: di functional' reactants. • j . a * * s . ' • «-. -- r r * 

w. ;i _ . / Determination of Optical Properties »' ■ * *' 

' . ’ . I y. * - ' *r- ■ *'*• 

•The. effect of film thickness and FVC on fire optical properties of several' 
elastomeric paints is presented in Figure 8. The total. nnxnial waittancev 
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values- (at 200° F) of S-12 are presented in close proximity to the points on the 
graph. The data confirm that thick coatings of approximately TO mils are re- 
• quired to optimise reflectance and to avoid the necessity for thickness control. 
The effect of PVC on solar absorptance was pronounced only at lower film thick- 
ness, except for paint S-26, which was pigmented at 40% PVC. Little differ - 
l ence in solar absorptance was observed when paints S-12, S-13, and S-27 were 
applied at a film thickness of about 10 mils! On the other hand, considerably 
thinner coatings appear to optimise emittance. , - 

Paint S-26 was pigmented at 40% PVC and possessed an exceptimaDy low 
solar absorptance r of 0. 16 at a thickness of only 7. 5 roils. The low absorptance 
may- be attributable to thefact that 40% represents a concentration equal to or 
greater than the critical PVC. Thus the coating possessed many pigment par- 
ticles with an air interface and consequently had a higher average refractive 
index ratio, which resulted in greater scattering due to enhanced porosity 
throughout the coating. . As a consequence of the excessive pigment concentra- 
tion* the film was powdery and fragile and 1 lacked cohesive strength sufficient 
to ensure its utility!' 1 , 

- . ■ V • ‘ l 

The effect of the film thickness of S-33 on its solar absorptance, total nor- 
mal emittance, and the ratio of the two is presented in Figure 9. This paint 
was based on the molecularly distilled experimental resin R-9 with an Me/Si 
cd 1. 38. It was pigmented with SP 500 sine oxide at 40% PVC. 

Stability, .to a Simulated Space Environment 

Preliminary Studies. - The results of the initial space-simulation to Jto on 
several silicone coatings are given in Table 9. Coatings S-l, S-3, S-4, and 
S-5 were irradiated in the oil -diffusion-pumped system; S-7 and S- 10 were ir- 
radiated in the ion-pumped systi -a. The methyl-phenyl bi lie one paint S-l ex- 
hibited severe degradation^ as evidenced by the loss in reflectance at 440-mp 
wavelength. Four methyl silicone paints, S-3, S-4, S-5. andS-10, exhibited 
reflectance changes of 1% or less.- with several of the changes representing in- 
creases. The increases are considered to be a result of experimental errors 
such :«•' viewing different measuring positions on the sample before and after 


'Although coatings S-3, and S-5 possessed exceptional stability to ultraviolet 
irradiation in vacuum, their poor physical properties, in comparison with those 
of S-7, and S-10, precluded their furthers consideration. They were' more diffi • 
cult to apply... they were brittle, and. they checked at moderate temperatures. 1 
Subsequent work was therefore confined to the LTV - 602 and experimental 
methyl silicone resins. • 

Effect of Me /Si. - The effect of varying the Me/Si of . methyl silicone resins 
from 1. 29. to 1.46 is presented in Table 10. Examination of tue reflectance 
and. solar absorptance changes at various exposures shews that the based 

on resins with lower Me/Si were superior. * 

The. small change in solar^absorptance of S-4, however, is belied by the 
severe decrease in reflectance at 440 -my wavelength. This decrease in the . 
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visible rtt counterbalanced iby an anomaloua increase in reflectance in the' . 
near -infrared eolar region. While the anomaly cannot be explained at this 
time, it la interesting to compare coating S-4 with the inorganic paint Z93 (see 
figure 7).' Resin H-l. the vehicle inS-4, has the lowest Me/Si, andpocsosses 
a structure which is moro Uke that o£ the alkali siUcates than any of the other 
experimental resins. Furthermore, S-4, like Z93. showed an increase in 
near-infrared reflectance on exposure to ultraviolet radiation in vacuum. ,R-l 
wae eliminated from further consideration, however, because of its inherent 
brittleness and failure when tor«io*»ally stressed to 90* . 

7 The a election of rosin R-S rather than K-7 for further evaluation and for 
mo as a stock polymer for moleculux diatillatianj studies was somewhat aroi»- 
trary. The decision was based on the supposition that an Increase in crose- 
llnkinn and molecular weight probably accompanies molecular distillations 
Such an increase, coupled with the fact that the R-7 stock resin was polymer- 
iaed from a higher ratio of ( methyl trichlorosilane to dimethyl dichlorosilane, 
would produce still more brittle, glasey resins. I 

t.TV-hOZ Paints and Effect of PVC. - Paints were formulated from General 
fclcctrlc T a ~LTV ^SBTpjIymer aTZCT 25, 30, 35, and 40% PVC In order to deter- 
mine the effect of pigment concentration on stability to a simulated space on- , 
vironment. Experimental resin R-5 was also pigmented at different PVCs. 

The results of exposuro to a simulated space environment are presented, in 
Table 11. The data for the I.TV-602 paints show die dependence of stability on 
PVC. Coating S-7 at 20% PVC showed an increase in solar ahaorptance of 
0 040 compared with 0.030-0.038 for S-13 at 30% PVC and only 0.012 for S-26 
at 40% PVC. Similarly, coating S-19 at 35% PVC exhibited a comparatively ; 
smaller increase in solar absorptance than either S-ll or. S- 1 5 at 25 and 30% 
PVC, respectively. 

The data on CTV-bOZ ir Table 11 are plotted in Figure 10 to-Jhow the In- 
verse relation of eolariaation to PVC. The dependence of stability on PVC is 
more eaaily discerned in less stable eyatems. such as those baeed on stiic.eul 
fide- or .‘utile -pigmented^ methyl -phenyl silicone®. The sine oxide -methyl > ■» - 
silicone and the sine oxide -silicate systems are, by' virtue of their stability, - 
more susceptible to differences caused by soiling, measurement errors, etc. 

Paints Based on Distilled* Resins. - Zinc oxide paints based on undistiUwi 
methyl 'resins (e*g.» R-5) .undergo optical flattening and an increase. in porosi- 


methyl. resins le.g. , R-5).undergo optical uattemng ana an mcreaoe ui 
ty upon curing. Even though this' process may involve thermal erosion oh the 
surface of the organic portion of the resin, the cured films are very stable to 
the simulated space environment (see Table 11)* but their porosity and their * 
300* F cuxing requirement provide no advantages over the porous potassium 
silicate paints. It was this porosity and the resultant susceptibility to soiling 
which prompted - molecular distillation experiments with resin R-5. These ex- 
periments, were aimed at the production of higher -molecular -weight resins in 
the hope* that based on them would produce glossy, more soil -resistant, 

and easily deanable coatings. - i 

* " The effects of ultraviolet irradiation in vacuum on the paints based an 
mol ocularly distilled resins are presented in tha table below. - /*' ' 
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Arf EFFECT OF UV 0L7ADIATJON IN VACUUM 

ON OPTICAL PROPERTIES OF ZINC OXIDE- 
PIGMENTED PAINTS BASED ON MOLECULA.RLY DISTILLED 
"rf . EXPERIMENTAL METHYL SILICONE RESIN R-8 ’ 



PVC,' 

' % . 

Exp 

osure i 

Solar Abso 

rptanc 
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Pairi 

No. 

ESH 

Solar 
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OC 

2 

oc 










8-29 

■ 35 1 

0 


.128 

. 125 

.253 




1000 

10.5 

. 136 

.130 

.266 

.013 



0 

ii. 1 

' . 125 

. 117 

.241 

• t 



1600 

10.2 i i 

i . 130 

.126 

.257 

.016 

S-31 

40 ' 

0 

i 

.132 

.129 

.261 

» 


S 

16C0 

9 * 

.139 

*,138 

.277 

.016 



0 


.134 

. 131 

.265 




1780 

9.4 

. 146 

.139 

.285 

.020 

V. 

Heated 1 hr 

0 


.134 

. 126 

.260 


V > 

- -. .at 500* F 

1780 

9.4 

.136 

.130 

.266 

,.006 


Miscellaneous Silicone Paints. - The results of exposure of several miscel- 
laneous silicone paints sre presented in Table 12. Paint S-17 was formulated 
from Dow Corning*s 808 methyl -phenyl resin pigmented with Titanox RA-NC, 
a none balking rutile titanium dioxide. This paint was formulated for the Round 
Robin Testing Program and is included here tor purposes of comparison. 


S-18 was based on General RVVctric'a SR-80 resin. SR- 80 was reported 
to be a purely methyl silicone resin containing cine octoate catalyst. Unlike 
tixe other methyl silicone resins studied, however, the sine oxide paint (S-lfi) 
made hem SR -80 degraded severely after exposure to only 1600 ESH. it in- 
creased 4016 in solar absorptance. Therefore, we concluded that the resin was 
not purely methyl silicone. Infrared transmission analysis of the resin did not 
show typical methyl-phenyl structure nor did the absorption spectra match 
polydimcthylsiloxane spectra. r 


S- 32 was pigmented with Du Pont 1 ® new TiPure R-900-1. The exceptional 
reflectance properties of tills paint are manifested in the OC j and OC ? of only 
0.099 and 0.080, respectively. Unfortunately, paints prepared from R -900-1 
do not offer any other advantage over those pigmented with a standard rutile, 
since S-32 increased 67% in solar absorptance after only 1650 ESH. 


Coating Q- 9-0 106 was formulated by Dow Coming Corporation at our re- 
quest. Dow Coming's Q-9-0106, Q-9-0107, and Q-9-0108 are all based on a 
proprietary methyl silicone R TV elastomer and are pigmented with SP 500 sine 
oxide, rutile i titanium dio x id e , and tine sulfide, respectively. All three coat- 
air-dried overnight to adherent, soft, resilient films. The large increase 
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in the tolar absorplahcoof O-9-0)08-was ‘attributed; in part tothe low PVC. 
Q-9-6106 compared favorably with S-13 in resistance to degrodation. although 
S-13 was tougher and less easily, scratched orgouged^However; Q-9-01C6 ap- 
peared to possess less affinity for dirt than 8-13.^ . 'la 


4170 -ESH Test; - The. results a' exposure of four einc oxide^pigmented nsethyl 
silicone paiztis to 4170 ESH of ultraviolet radiation in vacuum are presented in 
Table ! 3. r : . 1 - /; > j * ‘ % 


7- 


Paint S-13 increased 0. 058 (1851) in solar ab»orptahce, Coating S-31| in- 
creased 12% in solar abcorptanco, from 0.282 to Ol 316. duo to degradation. 

This specimen was, applied in a thinner coat than uz ,ial, which probably accounts 
for the unusually high initial solar absdrptance. « 


Paint S-33 was formulated from experimental resin R-9, which was synthe- 
sised just prior to the test. The 4170-ESH exposure is the only test to which ^ 
coating S-33 was* subjected. The principal difference between R-9 and the other 
upgraded resins was the pressure at which it was distilled: 0.004 mm Hg for 
R-9 and 0.04 mm Hg for v ths other resins. S-33 increased only 9% in solar ab- 
sorptance. o ,, \ 


The S-33 specimen which was heated to 500* F for 1 hour showed the great- 
est stability to ultraviolet irradiation in vacuum of all the’ organic and semi- 
organic paints studied. The increase in solar absorptance.of only'0. 01 1». or ~ 
4.6%, compares favorably with the best aicc oxide-pigmented potassium sili- 
cate paint, which increased ;0. v 00 8 in solar absorptance in the same 4170-ESH 
exposure. • • «v* » • * '• •’<•••*• 

t • • ; .-i." , : ■ i r~-<f - .V 

DISCUSSION OF. SPACE-SIMULATION-EFFECTS 




•I : . 

Radiation Intensity * v \ -»v' . V A' ' 

J ,'/ * . S' . 

* The time-intensity reciprocity of die thermal-control coatings ( of interest 
was studied. The effect of ultraviolet intensity on thede gradation:! three po- 
tas s ium silicate paints pigmented with sine- oxide, is. presented in -Table 14. 1 
Corresponding samples were: . Z69 and Z70 #: . Z73 and Z74.’ and Z7S and Z?6. • *" v 
The uncalcined SP 500 pair was formulated 'and prepared from the same batch. 
One -inch -square samples of the calcined pairs were obtained by cutting a Lx. 3;; 
inch painted panel. A significant increase in degradation was apparent atdie ; 
higher solar factor, indicating that 17 suns wan an unrealistically: harsh treat- 
ment. The ^effect of ultraviolet intensity on die degradation- ofth^e,me&ylv^r- t 
silicone coatings pigmented with ainc-oxide and prepared and cured atike.is taba 
lated in Table 15.“u - •- -j. V’\ 

. */*•..' r" ‘.fi' - - * -w’ v 

The data in Tables 14 and 15 indicate that time -intensity reciprocity is not 
valid between solar &ctors .of 10. 7>and 17. 4 intensities frr.^tbe coatings examin- 
ed. The question of the validity of (photochemical* reciprocity,' however, 'was 
not answered, because the observed increase in degradation may be due in 
whole or in part to thermal effects, or- to a discrepancy a in the . measur em en t of ? 
the sol&rj factor s at'the two intensities. The- choice ’of IOscoim "the"; factor for. 
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later experiments may not be valid either, since no experiments were conduc- 
ted, at 1 solar intensity. Nevertheless, accelerated .tests are imperative for ob- 
taining data in a reasonable amount of time. . 

• • .«? -V • . ■ •' I; ) 

^ ' f ‘ Exposure Time 

Solar abflorptance changes of three paints are plotted against the logarithm 
of exposure (in ESH) in Figure 11. * The linear relationship between the absorp- 
tance change and the logarithm'of exposure obeys the classical Hurter- Driffield 
equation for photographic materials: * I ' 1 

• l?v •.! - . / • 

. A o. Y nog E - log 1) 

where A'ia the optical density; Y i» the (lope (the "contra, t" is photography); 
E is the' expo sure, or product of intensity and time (in joules): and i is the iner- 
tia (in joules). Hirt, Schmitt, and Dutlon® and Schmitt and Hixt° have discus- 
sed this relation for unpigmehted and ultravlolet-absorber-containing films. 

K • - - rf 1 • . 

The usefulness of the Hurter-Driffield relation is that It may permit extra- 
polation of the curves in order to determine the most extensive damage at long 
exposures. * More work needs to be done on such extrapolation ox data. As 
chown in Figure 11, the long-term behavior of the less stable LTV -602 -based 

• <aini, S-13, iV more easily, predicted by extrapolation than the behavior of 
more stable ^paints- -especially S-19, which is one of the most stable coatings 
studied. .' The scatter in the data for S-19 precluded the drawing of a tine 
threroghihe 'points! As discussed earlier, the effects of couii urination are 
more readily apparent in stable systeme and are obscured in degradable sys- 
tems, where their effects are lees important. 


I 


Photolysis Mechanisms 


* Pigment. - Much has been learned about sine oxide and other oxides through 

I studies of catalysis and photoconductivity, but rates of separation of photolysed 

metal and oxygen are not known. It is conceivable that solar radiation might 
| J - product negligible photolysis, even in the high vacuum of space. 


To prevent undesired photolysis, the problem is essentially the opposite of 
(vying to. make a. good photoconductor or semiconductor. Light produces an ex- 
cited atate' or. noneqoitibrium condition which persists for a relatively long time 
in a photoconductor. During this. time atoms in the lattice may diffuse to more 
stable sites. For example, stiver in stiver bromide diffuses toward segregated 
silver metal particles,' which grow as photolysis proceeds. If the diffusion of 
the stiver were more restricted, the photolysis would be less efficient. A 
®^ nc endde of high solar stability should therefore be a poor photoconductor, 

« and tite Effusion rate of excess nine (actually interstitial Zn*) should be low. j 

In the following discussion sine oxide is used a? the prime example because 
it has been studied more than any’ other metal oxide, but the principles involved t 
apply to magnesium oxide, sircqnium dioxide, titanium dioxide, and other ox- ! 
_ '* ides suitable for pigments. A consistent picture of mint, oxide behavior has | 
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been worked out only in the past few years. . ; o 

Co Ulna and Thomw^ have analyzed the beliavior of sine oxide. It is nor* 
mally an n-type conductor. When its surface absorbs oxygen, a negative sur- 
face layer composed of oxygen ions forms and an electron depletion layer or 
•pace charge develops below tile surface. Diffusion of photolysis products pro- 
ceeds in this depleted layer. On the other hand, when the surface is reduced 
with hydrogen or absorbs cine atoms, a conductive ' enrichment" layer with a 
high concentration of donors forms near the surface. An enrichment layer 
having the same characteristics can be produced by photolysis. The light p\o- 
duces hole-electron pairs 'Which break up and diffuse in the surface field! The 
holes dischargo surface oxygen ions and generate oxygen molecules which then 
evaporate. Further photolysis releases oxygen from the lattice and leaves ex- 
cess sine. This mine remains dissolved in the lattice, at least in the early 
stages of photolysis, as interstitial Zn+ ions. These ions arr not stable in the 
presence of oxygen, and they aro concentrated in the centers of the crystals. 
The high free- electron concentrations that are generated by light tend to dis- 
charge Zn+ ions and precipitate mine metal, but other factors may hinder this 
reaction. The rate of diffusion of the Zn+ is particularly important. 

, There is some evidence that the stability of oxide pigments may depend al- 
most entirely ot\ the binding energy and reaction rate of peroxide -type ions on 
the surfaces of the pigments. Peroxide is readily detectable on ZnO (after ex- 
posure to light) by the starch-iodide test. 

t _ 

Since O 2 is observed to be evolved in a vacuum system when ZnO is irradi- 
ated with UV the folio wing, steps may be postulated for photolysis: j ti 


C“ (lattice) * hv— ** 0 “ + 


16 ' 


♦ e 


- ft 


(adsorbed) + e* - 


O z (adsorbed)— ►O^j' 


On TiOj we have not beer, able to detect peroxide, but Ag* reacts (in Light) 
to form AgO. The silver ion probably combines directly with O'. In order to 
Eoa ke TiOg more stable, the Oj' . state should be' made more stable, or, the 
Og* concentration might be increased by adding peroxide additives. 

If Oz" is strongly bonded to the auxiace of the oxide, photolysis would be 
inhibited. Perhaps it is significant that zinc does form a peroxide by non- 
photolytic reactions. Since hydrogen peroxide is notoriously sensitive to aux - 
face catalytic decomposition we suspect that much about the stability of 02 * 
(and HO 2 ) on surfaces can be learned from the observed stabilities o l H 7 O 2 in 
the presence of various surfaces. 
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Past work on the photolysis of silver brcraioe is helpful in analysing possi- 
ble mechanisms in pigments. Large single crystals of oxides show less photo- 
lysis than powders subjected to the same exposure. In silver halides the silver 
ions near imperfections or surfaces are more vulnerable to reduction by free 
electrons generated by light than silver ions at normal lattice sites. These 
, surface or imperfection effects could be important in the photolysis mechanisms 
of cxides. At one surface, free oxygen may be generated; at anothex surface 
1 leas exposed to the light or more favorable for metal separation, the free metal 
may separate. In other words, light generates electric field and concentration 
1 gradients which are equalised by the separation of the elements in the, oxide. 

In fiat, an analogous- argument can be advanced for the reason why quarts win- 
dows are virtually unaffected by ultraviolet irradiation in vacuum kit powdered 
- quarts (silica) is severely degraded. A simitar argument can be advanced for 
magnesium oxide windows versus magnesium oxide powder. 


( In silver bromide the photolysis is sensitized by small islands of silver 

sulfide, gold, or silver itself. These islands trap electrons, which later re- 
duce silver ions. Trapping is important because it increases the lifetime of 
, chemically active excess carriers. When zinc oxide is made so that small is- 
lands of sine metal remain in the oxide crystals, these crystals might be un- 
■ usually sensitive to photolysis. This sensitivity could mean that once photoly- 
sis produces metal, further photolysis of the satellite coating might be rapid 
w -and catastrophic. 1 

When zinc oxide crystals are exposed to zinc vapor at elevated tempera- 
S tores and cooled rapidly to room temperature, they acquire a red or yellow 
color due to "dissolved" excess sine. From conductivity data, Thomas 1 1 deter- 
mined the concentration of excess zinc in equilibrium with zinc metal at temper - 
I stores of 450* tc 700* C. Data from his plot of solubility (in atoms of excess 
zinc per cubic centimeter of the crystal) are recorded in Table 16 . 

» 

, Photolysis by light in a vacuum can produce the same excess zinc concen- 

' t rations. When crystals which have been exposed tc zinc vapor are, quenched, 
why does the zinc not segregate? The diffusion coefficient for interstitial ex- 
cess zinc in the temperature range from 180* to 350*C is given by Thomas as: 

D = 2.7 x I0T 4 «atp ( 0.55/k T) 


where k T is in electron volts. 

-14 -5 

At 300 V K, D - 7.3 x 10 . For a sphere of radius 10 cm around a zinc 

metal particle, the concentration gradient might be about 10^ atoms of inter- 
stitial zinc per cubic centimeter per centimeter in photolyzed material. Such 
a gradient could exist -over a distance of 10-5 cm between yellow zinc oxide and 
the surface of a segregated zinc partido. This condition corresponds to a • 

transfer rate of about 0.C2 atom of excess zinc per second to the zinc particle. 4 

A sine particle of 100-A radius would require about 1.2 x IG? seconds, or 140 
days, to build up these coaditbms. In other words, if nucl cation started, dark- 
ening duo to metal separation could develop over a period of months at 300 *K. 1 

This slow diffusion rate of interstitial sine may hr: responsible for the apparent 
stability of qu» tched zinc oxide crystals teat contain excess zi.tc. 
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| particularly significant is She effect of interstitial ainc produced by p h oto- 

| lysis on die lifetime of excess carrier* generated by tight* Although a hole baa 
{ the same positive charge' as interstitial Zn + , high polarisation effects around 
l an interstitial la* may favor hole capture and recombination. If this U’the 
I case, the stability of tine oxide in light may stem from this increased recombi- 
; nation after a certain concentration of interstitial £n+ is produced by the light. 

\ 2n magnesium oxide, aluminum oxide, end zirconium oxide, which are more 
easily pkotolysed by light, interstitial cations ave not readily formed, either 
because ot the compact lattices or because of the large else of tins Zr cations. 
This that magnesium, aluminum, and ’zirconium are not as soluble in 

their oxides as sine is in tinc oati«*e. Since ‘.here are ways of re ducing excess 
carrier lifetime by adding impurities differ eni from the host cation, the addi- 
tion of impurities is of interest. Such methods have been tried, l»t much work 
remains to be done on corre l a ti o n with the types and quantities of impurities 
added. 

Binder. - Since the predominant photochemical reactions in a high vacuum are 
cross and color center formation, large change# in the physical proper- 
ties of plastic structural members will not occur in a vacuum, particularly in 
the absence of any accompanying thermal effects. Thus, far polymeric mater- 
ials which do uot undergo catastrophic main-chain cleavage, the predominant 
physical changes will be discoloration and surface embrittlement as a result of 
cross-linking. The cross-linking can be considered as self- limit i n g, since the 
polymer material acts as a filter which possesses a Sigh extin c ti on co effic ient 
for ultraviolet, particularly for the more damaging, shorter wavelengths. 

’ B 

Tfco. 1 , the primary concern in the utilis at i on of pigmented organic, semi- 
organic. and inorganic coatings for the purposes of spacecraft thermal control 
is the prevention of color center formation (i» c. . coloration which increases 
the solar absorptance). The secondary concern is die prevention of erosion of 
tire surface due to main-chain cleavage, side-chain cleavage, or both. 

The of photochemical investigation is 'to determine die mechanism# 
associated with the chemical change which occurs when a substance absorbs 
ultraviolet tight. The reactions are complex, and the actual change measured 
is seldom that produced by the primary process of light sbsorjdion. Therefore 
it is necessary to distinguish between the "primary” effect at ultraviolet and 
die n secondary" thermal reactions which follow. The frequent production of 
atoms or radicals in pho toc hemical processes leads to extremely complex 
secondary reactions. 

The basic difficulty in studying die formation of radicals in solids was 
pointed out by Franck and Babin owitch, ^ who discussed die cage effect. . This, 
effect, often described' as die Rabinowitch cage effect, is associated witii die 
framing of a free radical by its s ur r oun ding molecules in such a stay that free- 
radical recombination prevails. Such an effect may account for the fact 
t Che gamma irradiation of higher hydrocarbons at 77*K results in die cleavage 
! of C-H rather than the weaker C-C bonds. 1* That is, die cage effect may 
pennti the diffusion of hydrogen and simultaneous trapping of. the larger carbon 
radi cal s, which subsequently recombine. 
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The predominant (reaction in the photoinduced decomposition of polymers 
in the presence of oxygen is oxidative, unless the polymer onxips to yield mon- 
omer. The q u a ntum yields in the absence of, oxygen are much lower than in its 
presence, duo to the cage effect. When C-C bonds are part of the polymer 
ba ckbone , they cannot diffuse away rapidly 1 enough and, as a general rule, re- 
combination and cross-linking occur. By contrast, when a C-H bond is broken, 
die hydrogen atom formed is highly mobile^and the statistical probability of re- 
c o mbina tiu u is re duc ed. Thus, the eventual reaction is the production of a 
molecule of hydrogen and the formation of a new crosz-link, reprcMeatiog the 
com bi nati on of two volatile (hydrogen) fragments and two residual, nonvolatile 
fragments, respectively. This does not preclude the existence of various chain 
transfer steps as intermedia t e reactions, but these do not contribute to the net 
reaction. 


U 


*$-<p 

R^H ♦ 
a£* + 
VHf + 


♦ hv .BC ♦ "<pt +A 

hv — .RC* ♦ -H| 

II I I I 

Hf-CB — -St(jW + -C-CB .C=CR 


(») 

( 2 ) 

(3) 

i*) 


Thus, ffie creation of stable molecular species is encouraged by: (a) back 
rea ction , (h) cross re action , and (c* molecular rearrangement. Should the 
higher-znoleculax-weighl radical (RC* or C-CR in E q. 2 and 3) be sufficiently 
immobilised, 01 trapp ed , the possibility of providing a permanent color center 
absence of oxygen or a similar reactive substance is apparent. Lawton 
et al 5 claim that radical trapping in polymer systems occurs under three con- 
ditions: (a) within the crystallites of the polymer, (b) in the amorphous phase 
below the glass transition temperature, and (c) in heavily cross-linked poly- 
mers, because they may be attached to a network structure in a p^.mon in 
w h ich no other radical is accessible. 


In tiie presence of oxygen* the possibility of chain scission is much greater 
due to the irreversibility of the reaction with ox yg en. Moreover, is a 
chain reaction and can therefore be expected to have a higher quantum yield. 


B^-CB ♦ hv — t *<~h 

(5) 

H 4* ♦ ( 

(6) 

R^OO' ♦ KyB*— -B<JoaH ♦ K»C 

(2) 

+ O z — .H«<JoO\ etc- 

(8) 


Miller has shown by electron spin resonance tn&l irradiated polyvinyl 
chluide which has been exposed to sir loses radicals at a far greater rate than 
sa mples treated si mil a r ly in a vacuum. C2uqdro 1 7 re p ort s a leek of coloration 
of the m a te ri a l when it is exposed to air and arttibotes it to the formation cf 
the peroxy radical. Sfc. Pierre and Dew burst*® .Vurd it possible to totally in- 
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MbB’Wwnito of C-C cross-links brtht b^r od n c t^ nfs aigcisnt oacyyen. 
nun same authors. in aaothar papa*. W dascribaibe oifo tarrahatlon of 
trM'nOnb In imSaiK lflona». j Duy bml t carboxylic tcU aniitwo type* 
of paraddos «trj formed Omring radioljrsi* of hoUM^tdilllaM aa: . , - - 

£.'« 0. a ^'-C .. i , . ; »-.» 5 - . 9 ■‘‘tsf 


W- <8 r •-£>*■» 


, -jS • sT*^ 


„ CH.-Si-O-Si-COOH 


• °.X -> s i: : i ■; • 


■ • /«?i . 

c. ’<y ‘ 

'6 

*-6 : i ■ * 

_ .• 


PS ft 


ca,<a-o-si-o-o- cs % 


V. " ■ W ; 1 W - -- ^ Wfe V* ' ‘ ' V \- 

1 - •.' [ v «■ v -v • — 

,.L , t > .- C* . ,, A ' ~ K ' . O 

; cAt lorcfdqi analysis provides a general picture. of tbs various possible 
photochemical reactions and their complexity, against which the rssolts ot (Ms 
. progra m. can be eva lu a ted . Open irradiation with qltavidet in ncqnm, ffcw\ 
methyl -s i l icones p r ov ed to be; among Am most resi s t ant cas t er ia ls faoen:^ This 
is not surprising, since short alkyl gr o up# (e. g. . mrftijl) in Infcrfsitty imirti 
i transparent to ertraterreatrisl ultraviolet than boAl longer -chain alkyl and 'J- r 
phenyl groop>. niaUy « 0 Q» -Si-O-Si-O- bacJd i one poe s eases a qoaataliha 1 
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A p rot ecti ve effect of increasing PVC oa ultraviolet stability' was demon- 
str ated. Yellowing of sine oxide pi gments jsaa ebown.tD be In ve r eely dep en d ent 
r -- cd PVC. Since oltraviidet damage occur * only ( agpr ea d 

''I'. man4y S s )' «l,0ese since some pigmentprxdjsbly' settUs Jgfort^ ^ 

v ehicl e "•«», ** an uz^rcdect^^pi^Quiit-Aefic^cDt^ (gkw*y)laycT mi^bt con-' 
tribote to tbe observed degradation. J - ~ / 

-- . Accordingly, ah "experiment was designed to drt exmi ne the rrrtcra of Oe 
v contribution to degra d a tion of a pigment -poor layer, if jTc*«t. "For tbe por-^ 
<‘po* «w of defining the problem, a moderately degradaMe paint was chosen ' 
rather than one of the more' stable coatings. : Foot 1 r 3 inch 0 

were abraded and coated with paint S^-l, a sine sulfide roetbyl-phmyl silicone 
with a PVC of 40%. The coatings Were a pplie d at ttrtfhtnieiTn’etcesi o! 3 
mils, allowed, to air^dry far 24 hesrrs, and then baked at 300*F far 16 boors 
and at 4C0*F tax 2 hoars. Twp c cf flh coitiagt jrtre gutiys cjap tt l with a r $■' 
rasor bLads in order to remove -the top layers ; «ppr mri mutely -0. S mil- was - re? - 


. „ r>: ^ 

‘ - ' 3^__1 r - c 

J5- ° : 
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° fho malt, liter eqonn to simltted space environment are pre- 
sented below.. As dats-ladicate that a pigment-deficient glossy lsjor 
was 'originally rTT.rtrrr* and that it oontribotmd signi f ic a ntl y to tbe 
of tbe untreated la^lss. Tbe bigber reflectance of tbe 
sc r ap ed sample, than tbac of tto.<mtreste4 s m rples before expemire to 
. space simulation it further indication of the wal s t a n ce of a binder - 
rich layer. ' mis the easterns, of a binder-rich layer 1,-oot aa 
eeriooa in the, more stable sine oxlde- pl gss entr d sgthyl silicone, 

(e.g.-. LTV-d02), lt will te significant when such paints ere exposed 
-tor4000-or.-mors.ESB. =. - 


op gujsst ubteb 
at pAisr 8-1 


1 Glossy 
; layer . 


**SSSF^* 


Present , „ .. O . 

r - ''''r ^lS 

9 -;0 ' . 

O cr sp sd off r 0- 


>ff 0 
.315 

. .V — 2 n— — 

_ " :cj --T 


400 sp 

2* 

440 mi 

itlectanoe^ 

soo.mi 

_S 

600 mu 

700 op 

< 72.0 , 

33.9 

68.0 

87.6 

59.0 

' 35.5 

50.8 

60.6 

81.5 

59.2 

: .72.0 

S2.5 

85.0 

83.5 

58.8 

- '39.0 ' 

53J2 

68.5 

78.: 

S 8.0 

75.0 

86.4i 

89.3 

88.7 

60.0 

51.2 

66.2 

78.6 

85:4 

60.0 

" 73 . 0 ' - 

84.1 

86.3 

84.7 

39.5 

44.5 

59.0 

73.0 

80.5 

58.5 
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Materia! 


Al 2°J 


AljO^ZSiOj. 

ZBjO 


3AI2O3- ZSiO- 
♦ SiOj 


m*m 2 o 4 

MgO 

MgSiO • 
nH^O 3 

-at go-siOj, 


Megneriem 

trisilicate 


Alacer MC (alpha). 

0 


100.0 
74.0' 1 

100.0 

Gal ton htdaslriea 

160 

3 

91.5 

Ahxer MA (gamma). 

0 


93. S J 

90.0 

Gallon Industries 

75 

1.5 

49.5 

82.5 

Ajax P kaolin. 

0 


73.C 

84.5 

Georgia Kaolin 

180 

3 

46.5 0 

60.0 

Ajax SC kaolin. 

0 


7a.o 3 

87.3 

Georgia Kaolin f 

200 

3 

65.0 

81.0 

Mol or Kite. Paper 

0 


54.5 

86.5 

Maker* Importing (•’>. 

180 

3 

75.5 -» 

.84.5 

National Lead Co. 

0 


92.5 

96.5 

I 

75 

1.5 

36.5i 

SO. 0 

Synthetic. 

0 


86.0, 

90.0 

Johns -Maxxville 

75 

1.5 

58.0 

81.0 

Vollaxtonite C~ 1 , 

0 


92.5' 

94.5 

Cabot 

75 

1.5 

a:.o 

91-5 

Spinel, 

0 


97.5 

97.0 

Linde 

75 

1.5 

70.0 

92.5 

Reagent-grade powder. 

0 


98.5 

98.5 

Mallinckrodt 

75 

1.5 

71.0 

92.5 

No. 140 Alabama talc, 

O 


89.0 

92.0 

Whittaker . Clerk and 
Daniels 

180 

3 

62.0 

73.5 

AlSilfag 243, 

0 


33.0 

59.0 

American Lava 

1036 

15 

35.5 

60.0 

CSP. 

0 


97.5 

99.0 

MalKiwl ro«H 

200 

3 

18.5 

44.5 

Ottawa Special, 

0 


88.5 

92.5 

Ottawa Silica 

75 

1.5 

77.5 

90.0 

Diatomaceoos earth. 

0 


92.0 

93.5 

Dicalite WB-5, 
Great lakes Carbon 

180 

3 

87.5 

1 

9X0 

CP. 

0 


88.0 - 

90.0 

Fisher 

300 

3 

78.5 

88.0 
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Mkfr' 

- CP. -, 

’o 


92.5 

97.0 

— * Titanitnn Aii^y Mfg 

: 75 . 

1.5. 

65.5 

90. 5 

ZtO z 

Co trie. 

0 


88.0 

95.5 

\ » 

Titndam Alloy Mig. 

180 

3 

33.0 

73.5 

1 Z*S»4 

Sttperpax 

1 0 


86.5 

1 92.5 

^ 7.^ 

Titanium Alloy M£g, 

180 

i 

65.0 

84.5 

Reagent grade. 

. 0 


91.0 

„ , 94.5 


and Bell 

75' 

1.5 

89.0 

94.0 






Table 2 
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EFFECT OF UV IRRADIATION IN VACUUM * 

ON OPTICAL PROPERTIES OF ZINC OXIDE PIGMENTS 


Manufacturer** particle Purity 
“ Site, 


Bxpoaare 

Solar' 
ESH Factor 


Solar 

Reflectance, % Abaorptance 

rarminann 


SP 500 

0.50 i >99.90 

0 


95.0 

99.0 





75 

1. 5 

95.0 

99.0 



AZO-66 

0.20 ' 99.80 

0 


93.0 

99.0 

*• t 




200 

3 

91.0 

98.0 



OSP 12 

0.30 99.80 

0 

4 

93.5 

98.0 

■ C " 




300 

3, 

92.0 

97.5 



AZO-33 

0.20 99.20 

0 


88.0 

95.0 





300 

3 

86.5 

93.5 



SP 500 


0 

id 

95.0 

99.0 



SP 500 


3100 

91.0 

98.0 




0 

I 

93.5 

98.0 

.138 




1720 

10.2 

90.5 

96.0 

.164 

.026 

SP 500 

(Calcined 16 hr 

0 


92.5 

97.5 

.133 



at 700’C) 

1720 

10.2 

91.5 

97.5 

.140 

.007 

AZO-55LO 

0.40 99.20 

0 


86.5 

93.5 

.198 




1720 

10.2 

83.5 

92.0 

.213 

.015 

AZO-S5IX) 

(Calcined 16 hr 

0 


90.0 

95.5 

.156 


1 

at 700*C) 

1720 

10.2 

88. 5 

95.0 

.164 

.008 


26 







Table 3 


EFFECT OF UV IRRADIATION IN VACUUM 
ON OPTICAL PROPERTIES OF MISCELLANEOUS JIORGANIC 
All Msiplti cured at 140* C lot 18 hr. 


COATINGS 


Sample Pigment 


Composition* 

”T Solid* 

Content* 

‘ .% 


Exposure 

Solar 


ESH Factor 


Reflectance, % 
440 mp bdO Imp 


Solar 

Absorpiance 

0C AM 


C2 

Al.O.* 63. 9 

3tr,o 

0 


75.5 

75.5 

. 345 



200 

3 

64.5 

72.5 

.371 . 

;. 026 


1 

C-35, Alcoa 



* 





C 3 

GaSiO*. 62. 8 

0 


78.5 

83.5 





Woilaatomte 

185 

3 

52.5 

71.5 


‘ 


C4 

LajOj 56. 9 

0 

180 

3 

92.5 

54." 

95.0 

77.5 




CS 

UAlSitOio. 64. 4 

0 


59.0 

64.5 





Foote Mineral 

250 

2.5 

52.0 

62.5 




C7 

LiAlf i O 4 , 64.4 

0 


1 85.0 

86.0 





Lithiins. 

Cufaoroadma 

2100 

10 

.43.5 

60.5 



4 

C8 

MgAl 2 0 4 V 37.9 

0 


1 93.5 

98.0 



* 


75 

1.5 

76.0 

94.5 



a 

C9 

MgSK), 56.9 - 

0 


92.5 

94.5 

. 130 

.089 

*1 



200 

3 

66.5 

84.0 

.219 

"i 

CU 

SiOz . 62. 8 

0 


87.0 

87.5 

. 177 




Cased quarts 
powder, GE 

300 

3 

76.0 

85.0 

.221 

.044 


03- . 

SaOg 61. 7 

0 


77.0 

82.5 

.264 


■1 


300 

3 

76.5 

82.0 

.278 

.014 


C17 

SnO, 61.7 

0 


76.5 

83.0 




92 • 


2100 

10 

67. C 

78.5 




’els 

ZnS 59.0 

0 


S5.0 

90.5 

.220 


; 



260 

4 

81.0 

88- 5 

.231 

.011 

- 

C19 

EnS, XXXM. 56.9 

0 


88.5 

sa 0 



w* 


Cbaa. Osborne 

250 

2.5 

86.5 

67.5 




C23 

SiO*. 30. 4 

V 


90.0 

91.5 

. 136 



, 

Dscaiite Wb-5 

300 

3 

77.0 

88.5 

. 173 

.037 


i 025 

SiOz, 26. 5 

0 


89.0 

91.5 

.128 



OicaUte WB-5 

300 

3 

73.5 

88-0 

.186 

.058 



3 - L X — - . ^ - 


1 

1 




I Table 3 (coat.) ' 

EFFECT OF UV IRRADIATION IN VACUUM 
ON OPTICAL PROPERTIES OF MISCEJLLANEOUS;iNORGANlC COATINGS 
■All samples cored at 140* C for 18 hr. 


Composition* 
Solids 


Sample Pigment 


1 Content, 

* % 


E3 ^°Sola~ Reflectance, ft 
ESH F ac tor 440 mp 600 


mp 


Solar 

Absorptance 

& A* 


C34 

Molochite 

56.9 

0 


77.5 

81.0 

.251 



SF 


300 

3 f 

71.0. 

7?.0 

.281 

.030 

C36 

Molochite 

56.9 

0 


76.5 

82. 5 

.243 



06 


300 

3| 

73.5 

81.5 . 

.260 

.017 

C39 

Molochite 

61.7 

0 


74.5 

83.5 




#6 (HC1 


250 

z.’s 

74.5 

83.5 

J 



leached) 






1 


C42 

Molochite 1 

61.7 

0 


75.0 

84.5 




#6 (HCl 


2100 

10 

63.5 

76.5, 

I 



leached) . 








C4S 

ZrO ? . 

73.0 

0 


59.0 

VZ.O . 




CP 2 


75 

1.5 

83.5 

90.5 

r ' 


C46 

ZrO_. 

7Z.0 

0 


" 76. 0 

86.0 

V ‘ 



CP c 


75 

1.5 

71. 5 

85.0 



C47 

ZrC. M 

74. 8 

. 0 

, v 

88.0>\ 

95.5 

- ;»r r - 



CP 2 


75 

1.5 

61.5 

88.0 



C5Z 

ZrO,. - 

64.4 

0 


90.5 

93.0 

.140 



CP 2 


200 

3 

73.5 

87.0 

? .205 

.065 

CS7 

ZrSiO,. 

56.9 

0 


79.0.. 

88.5 

. 180 



Superpax 


200 

3 

63.0 

61.5 

*. 249 

.069 


• The band e r for all paints was PS? potass loin silicate (6yivania)i except tor 
C46 and C47 which were banded with alumirsnn acid phosphate and colloidal 
silica respectively. . 

The pigment- to- binder ratio^PBR) was 4. 30 lor all paints with the follow- 
ing exceptions: C8. 1.50; Cl 8, 3.19; C23. 2. 2 3; C46, 2.80; C47. 5.33. 




Table 4 


» EFFECT OF UV IRRADIATION IN VACUUM 

ON OPTICAL PROPERTIES OF INORGANIC ZINC OXIDE COATINGS 
} All samples cured at 140* C t'-r 18 hr. 


Sample 

Composition* 
Solids 
Content, 
Pigment % 

PBR 

Exposure 
Solar 
ESH Factor 

Reflectance, % 
440 tnp tOO mp 

Solar 

Absorptance 

Aoc 

Z5 

SP 500 

46. 3 

4. 30 

0 


96.0 

98.5 ' 

' . 132 





200 

3 

93.5 

97.5 

1 ; 138 .006 

Z8 

SP 500 

' 56.9 

4. 30 

0 


94.5 

96.0 

. 146 



1 


200 

3 

90.5 

96.0 

.150 .004 

Z9 

SP 500 

• 51.9 

2. 13 

0 


88.5 

89- 5 

. 258 





200 

3 

86.5 

68.5 

.269 .011 

Zlo 

SP 500 

* *46. 3 

4. 30 

0 

/ 

94.0 

97. 0 

. 139 



i 


300 

,3, 

93.0 

98.0 

. 142 . 003 

Z27 

SP 500 

46.3 

4. 30 

0 


91.0 

94.5 






S-W** 

90.5 

92.5 






225 

2.5 

90.5 

94.0 


Z28 

SP 500 

49.3 

3.58 

0 


89.0 

93.5 






S-W 


88. 5 

90.5 






270 

3 

87.0 

92.0 


ZZ9 

SP 500 

51.3 

3. 22 

0 


89.5 

92.5 






S-W 


86.0 

88.5 






225 

2.5 

86.5 

91.0 


Z35 

SP 500 

64.4 

4. 30 

0 


54.0 

75.0 






s-w 


57. S 

77. 0 






225 

2.5 

56.0 

76.5 


Z >9 

E-P 730 

73.0 

4. 30 

0 


52.5 

75.0 






s-w 


56.5 

76.5 




\ 


270 

3 

55.0 

76.5 


Z42 

XX 254 

73.0 

4. 30 

0 


75.5 

89.0 






S-W 


78.0 

88.5 






270 

3 

75.0 

87.0 



* The binder for all coatings was PS7. The pigment for Z35 was calcined at 
800* C/ 12 hr. 


** S-W: After soiling and washing. 




Composition: The pigment was SP 500 calcined at 700* C/ 16 hr. , and the binder was PS? for all 
•amplee. PBR was maintained at 4. 30. Solids content was 56.4% for all samples 
except' Z84 (46. 3%). 



pigment wan SP 500 calcined at 700^C/16 hr.', and the binder was PC7 for all samples, 


i 


Tahla 7 


EFFECT OF UV IRRADIATION IN VACUUM 
ON OPTICAL PROPERTIES OF SEVERAL ORGANIC PAINTS 


Paint 

No” 

Composition 

- 

Exposure 
* Solar" 
ESH Factor 

Reflectance, % 

Pigment 

Binder 

“rair 

440 mu 

600 rap 



RTY-11 


• 0 


73.5 

77.5 





108 

4 .. 

60.5 

76.5 

- 

- 

Teflon 

- 

0 


84.7 

80.6 


r - - 

TFE 30 


74 

4 

69.2 

74.7 

P-1 

SP 500 

30 6A '• 

0.7 

c 


89.0 

87.5 


ZnO 



108 

4 

56.0 

83.5 

P-2 

SP 500 

SE551-N 

3.4 

0 


88. 5 

94.5 


ZnO 



500 

4 

84.0 

93.5 

P-3 

SP 500 

RTV-ll 

1.0 

0 


91.0 

92.0 


ZnO 



500 

4 

88.0 

91.5 

P-4 

SP 500 

LTV-602 

5.0 

0 


91.0 

93.5 


ZnO 



500 

4 

90.0 

93.5 

P-5 

ZrO 

Teflon 

0.66 

0 


87.8 

70.0 



TFE 30 


74 

4 

42.0 

59.6 

P-7 

SP 500 

Teflon 

0. 67 

0 


84.0 

91.5 


ZnO 

TFE 852- 


108 

4 

46.0 

74.5 



202 






F-8 

SP 500 

Teflon 

0.4 

0 


84.2 

77.3 


ZnO 

FEP 120 


314 

4 

52.4 

67.5 

P-10 

SP 500 

Viton B 

4.0 

0 


88.5 

92.0 


ZnO 



500 

4 

76.5 

89.0 

P-U • 

‘ SP 500 - 

Kel-F ; 

0.5 

0 


84.0 

77.6 


ZnO 

800 


108 

4 

64.8 

72.7 

P-12 

ZnS 

Kel-F 

5.0 

0 


89.5 

92.0 



800 


108 

4 

49.5 

78.0 

P-13 

SP 500 

Kol-F 

1.5 

0 


87.0 

87.5 


ZnO 

8213 


108 

4 

52.0 

72.5 

P-14 

SP 500 

Kel-F 

5.0 

0 


97.0 

98.0 


ZnO 

821 3 


500 

4 

80.5 

95.0 


(acetone dispersion) 





P-19 

SP 500 

Leonite 

0.67 

0 


85.0 

85.0 


ZnO 

201 -S 


100 

4 

71.0 

83.0 

P-20 

MgO 

Leonite 

0.44 

0 


93.5 

92.5 



201 -S 


108 

4 

35.0 

78.5 


35 


-'t 

Sr 


1 

I 

\ 

j 

i 

; 




5 ] 

ii 


i 

-i 


i 


vl 

1 








Table 8 I 

- ~ \ . 

FORMULATION DATA FOR SILICONE PAINTS 


Paint 



VVC, 


Solids 

No, 

Ingredients, parts by wt„ 


* 

PBR 

% by voL 

S-l 

Supcrlith XXXN sine aul/ido 
806A resin 

107.5 

iOO.O 

40* 

2.15 

40 


Tolaene, ^ 

37.0 




S-3 

SP 500 sine oxide 

141.0 

20 

1. 19 

40 


XR- 6-1057 resin 

173.0 





Tetrabutaxy titanium (TBT) 

3.0 





Toluene 

108.0 




S-4 

SP 500 sine oxide 

45.0 

25 

Si 35 

, 26 


R-l exptL resin so In. 

111.0 




S-5 

SP 500 sine oxide 

93.4 

25 

1.80 

V - 40 


XR-6-0049 resin 

100.0 



I '] 


Xylene ■ ( 

38.0 




S-7 

SP 500 sine oxide 

140.1 

20 

1.40 

40 


LTV-602 polymer 

100.0 





SRC-05 catalyst 

0.5 



. r 


Toluene % 

160.0 




S-8 

SP 500 sine oxide 

112.0 

25 

1.70 

» 40 


R-2 exptL resin solo. 

100.0 





Toluene 

67.0 




S-10 

SP 500 sine oxide 

77.5 

25 

1.78 

40 


R-4 exptL resin soln. 

100.0 





Xylene 

I 17 ' 7 



\ 

s-u 

SP 500 sine oxide 

123.6 

25 

1.63 

40 


R-5 exptL resin soln. 

104.0 



♦ 


Toluene 4 

86.0 



, 

S-l 3 

SP 50”> sine oxide 

240,0 

30 

2.40 

40 


LTV-602 polymer 

100.0 





SRC-05 catalyst 

. 0.5 





Tolaene 

183.8 




S-1S 

SP 500 sine oxide 

212.0 

30 

2.12 

40 


R-5 exptL resin 

loo.o 





Toluene 

157.0 




S-16 

SP 500 sine oxide 

163.0 

25 

1.64 

40 


R-7 exptL resin 

100. C 





Toluene 

150.0 





36 


« 




f » 


Table 8 (coot.) 


FORMULATION DATA FOR SILICONE PAINTS 


37 


fj 


Paint 

No. 

Ingredients, parts by wt. 

• 

PVC. 

% 

PBR 

Solids 
% by voL 

J 

C-17 

RA-NC ru' ie 

140.0 

45 

2,80 

40 



808 resin 

100,0 




; 


Tjtrabutaxy titanium (TBT) 1. 0 




i 


n- Butanol 

47.0 



i 



Toluene 

24.3 




\ 

, , S-18 

SP 500 sine oxide 

48.0 

25 

1. 45 

31 

s j 


SR- 80 resin 

100.0 





S-19 

SP 500 sine oxide 

268.0 

35 

2.68 

40 



R-5 exptl. resin 

100.0 





, f 

Toluene 

176.0 





S-26 

SP 500 sine oxide 

373.0 

40 

3.73 

40 



LTV-602 polymer 

100.0 






SRC -05 catalyst 

0.5 




■* 


Tolaene 

214.0 




i 

S-27 

’ SP 500 sine oxide 

304.0 

35 

3.04 

,40 

7 

1 

LTV-602 polymer 

100.0 






SRC -05 catalyst 

0.5 



* 

1 

1 

Toluene 

197.0 





S-29 

SP 500 sine oxide 

264.0 

35 

2.64 

40 

i 


R-8 exptL resin 

100.0 






Tetrabutaxy titanium (TET) 1,0 






Toluene ( 

176.0 





8-31 

Si: C00 sine oxide 

316.0 

40 

3.16 

40 



R-8 exptL resin 

100.0 




} 


Tetrabutaxy titanium (TBT) 1,0 




A 


Tolaene 

179.0 




i 

S-32 

TiPure R-900-1 rutile 

237.0 

35 

2.2. 

40 

3 


LTV-602 polymer 

100.0 






SRC-05 catalyst 

0.5 






Toluene 

198.5 




j 






* 


I 


I 

I * 


Table 3 (conU ) 

FORMULATION DATA FOR SIUCONE PAINTS 


PVC. 

% PBR 


Solids 
% by voU 


S-33 SP 500 ainc oxid* 316.0 40 3.16 40 

R-9 oxptL resin 1 100.0 

Totrabutaxy titanium (TBT) 1. 0 
Toluene 225. 0 

I 

Dow Coming- 806A resin. XR-6-1057 resin. XR -6-0049 resin, and 808 resin. 
Du Pont: Totrabutaxy titanium iTBTJ and TiPure 8-900-1 rutile. f i, 

General Electric: LTV- 602 polymer, SRC -04 catalyst, SRC -05 catalyst* 

SR- 80 resin, and 81932 resin. 

National Lead: Titan ox RA-NC rutile. 

New Jersey Zinc: SP 500 sine oxide 

Nuodex Products: Silicure Z- 775 « 

C. J. Os burn Co. : Super lith XXXN sine sulfide 


Table 9 , , 

EFFECT OF. UV IRRADIATION IN VACUUM / 

ON OPTICAL PROPERTIES OP SEVERAL SILICONE PAINTS 


Paint " 
No, 1 


Composition 
^rneot Binder 


ZnS 

< 806A 

40 

SP 500 
ZnO 

R-i 

I 

25 

SP 500 
ZnO 

XR-6- 
, 0049 

25 

SP 500 
ZdO 

LTV- 
’ 602 

20 

SP 500 
ZnO 

‘ R-4 

25 


Exposure 

^iotar 

ESH Factor 


Reflectance, 


' *1 _ O;-,- .1 ' - . 


. :• ,n \. ‘ v % z.*i* “ r.wr . 

' f S *2 5 ■" 5, *4 •• ■ ".K^ ■f' 1 -J Jv? . 

" . * C- < S'* > . ' t , . ■ „ . 


65 




O'- 



Table 11’ 


t.i 


EFFECT OF UV IB RADIATION IN VACUUM 
ON OPTICAL PROPERTIES OF- SILICONE PAINTS 
AS A FUNCTION OF PVC 


pint 

No. 

Compoeltlos i 

Expo.ure 

Solar Abaorptance 



7FVC. 

* 

ESH 

SOLAS 

Factor 

*1 • 

07* 2 

OC 

OK 

< S-7 , 

LTV, -602 

20 1 

o • 




.220 

.040 




1460 

9 



.260 




0 




.240 


l i 


< 

3350 

It. 6 



. 300 

.060 

1 8-12 

1 

-LTV-602 

25, 

0 




.230 ' 

l 

.030 

c 

>460 

9 

1 


.260 

8-13 

LTV -602 

30 

0 




.230 , 


l 

1460 

9 



.260 

.030 




0 


.115 

.087 

.202 


. _ . 



1200 

8.7 

. >41 

.09? 

.240 

.038 




0 




.230 



J ' 

* 1 

3350 

17.6 ( 



.280 

.050 

8-27 

LTV-602 

35' 

V 0 


. 107 

.068 

.175 

.017 




1600 

10.2 

.117 

.075 

.192 

— 



0 

1 

.106 

.671 

.176 





1850 

10.1 

. 120 

.021 

.201 

.025 

8-7.6 

LTV-602 

40 

0 


. 105 

.056 

. 161 

.012 



1200 

8.7 

. Ill 

.062 

. 173 

S-tl 

R-5 

25 

0 




.230 




1460 

9 



-250 

.020 

8-15 

B-5 

30 

0 




.230 

.010 



1700 

10. 7 



a 240 

S-29 

a-s 

35 

0 


. 125 

-0V9 

.224 

.002 




1200 

8.7 

. 126 

. too 

.226 



' 

0 


. 124 

.099 

.223 




• 

1850 

10.1 

. 132 

. 105 

.237 

.014 


68 
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table 1 2 

EFFECT OF UV IRRADIATION IN VACUUM 
ON OPTICAL PROPERTIES OF MISCELLANEOUS SILICONE PAINTS 


Paint 

No. 

Composition 


Exposure 


e 

Binder 

Pigment 

we, 

* 

‘ ESH 

Solar 

Factor 

<*i 

*2 

ex 

A ox 

S-17 

808 

Titanox 

45 

0 




.296 



TBT 

RA-NC 


1600 

11 



.406 

. no 

S-18 

SR- 

SP 500 

25 

0 




. 279 



80 

ZnO 


1600 

11 



. 390 

. in 

S-12 

LTV- 

TiPure 

35 

0 

* 

.099 

.080 

. 179 



602 

R-900-1 


1650 

9 

. 158 

. 140 

.298 

.119 

Q-> 

Pro- 

r-T.O, 

25 

0, 


. 103 

. Ill 

.214 


0107* 

prie- 



1480 1 

10.7 

. 165 

.206 

. 371 

.157 


tary 



1 




1 


Q-9- 

Pro- 

ZnS 

15 

0 


. 100 

. 120 

.220 


C108* 

prie- 



1530 

11. 1 

.193 

. 151 

. 324 

. 104 


tary 









0-9- 

Pro- 

SP 500 

25 

0 


. 120 

.108 

.228 


0106* 

prie- 

ZnO 


1850 

10. 1 

. 144 

. 117 

.261 

.033 


tary 










• Furnished by Dow Coming Corp. 


42 






' ( 
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Table 13 

EFFECT OF 4170 ESH OF UV IRRADIA TION 
IN VACUUM ON OPTICAL PROPERTIES OF SILICONE PAINTS 



Compos 

iticra 

Exposure 

Solar Abaorptance 

Binder 

PVc, 

% 

Cure 

ESH 

Solar 

Factor 


*2 

<y 

•AOX 

LTV- 

30 

16 hr at room 

i 

0 


. 1Z4 

. 087 

.Zii 


402 


temperature 

4170 

10.6 

. 160 

. 109 

.269 

. 058 

a-e 

40 

1 hr at 3C0 - F 

0 


. 145 

. 137 

.282 



1 


4170 

10. 6 

. 165 

. 151 

. 316 

. 034 

R-9 

40 

1 hr at 300" F 

0 


.119 

.097 

.216 



i 


4170 

10. 6 

. 128 

. 108 

.236 

.020 



1 hr at 300* F 

i o 


. .28 

. 109 

.237 




+ i hr at 500* F 

4170 

10.6 

. 134 

.114 

.248 

.011 






8*iJ wa« air-cured, all others vere cured 1 hr at 300*F. 
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i \ THE ERECTS OP ULTRAVIOLET PMJIATIOH OH LOW a /« SURFACES 


•>y -3.^^ 


By R. 7,. a Olson , L. A. McKsllar, *J . V. Stewart JrtjVJLt?' 

SC J k° c * t k eg ^ Mlsslleo and Space Con g/ ang^^ 

- ; ■ , •. a * 14 ® 1 ,Krr~^~ ^Arj~ rrxs \ 




* c , v- . ou "" Wi - / f F ^ r*c*r> /75 

Ute prcdoml nant source of natural environmental damage to spacecraft 
: ^ ctheirail control surfaces iseolar ultraviolet energy. An experimental 
r> ' Investigation' of thisdaaage Is described*; ,"r 'Bie primary purposes io this 
" t • r.yorfc-ere (l) the evaluation of candidate materials, and (2) the prediction 
' '^of operational behavior for selected materials. Candidate surfaces are 
; exposed in vacuum to near- ultra violet energy; the effect of these 
exposures on the materials*, normal spectral reflectance la determined. 

7 The . primary energy source Is the A-H6 mercury-argon high-pressure lom^, 
u. .i this Is used bare and with filters. Incident fluxes are determined with 
c^. calibrated phototubes and with thermopiles. Sample ambient pressures are 
’maintained at 10- ° to 10 "7 Ttorr; sample temperatures are varied from 70°P 
\ . '.to 500°P. Incident flux densities ore varied tenfold. Both initial 
'damage and damage reversibility (bleaching) are Investigated. Efforts are 
'■"concentrated go white- pigment-vehicle .binary systems; these are candidate 
°{o low a^/c spacecraft surfaces. Results demonstrate the dependence of 
dam a g e upon wavelength of r irradiation and upon sample temperature. 

‘ f Kate rials studied Include silicate, silicone, acrylic, and epoxy vehicles, 

^ and TiQ 2f °ZoO, Zr310j,, and Li/Ai/SlOv pigments, feasible ycechanisraa 

/fZZSh 

t „ DR5U)DUCTI0H ~> 

... -Ultraviolet radiation tray the sun io the primary cause of deme^e 

i to thermal control surfaces in'- an orbital environment. This damage Is 
J. * no3t severe for surfaces selected to provide a low ratio of solar ebsorpt- 
& '■ ance (a£) to remittance 1 (c). An experlxaratali program has-been in progress 

to investigate this damag e . This p roam has as Its primary goals (l) 

*;% the ’ evaluation r of candidate materials, and (2) tho prcdiction of opava- 
' ^Jt lonal'Ceha vlo r for selected •> w iu mic •«uuicv«i^ I .‘.L zt 

c both' Qoal* ; > ini ignt: Into damage processes is aloe sought. 

"i r Samples of surfaces to be studied are exposed In high vacuum to 
near-ultraviolet radiation.. Primary criteria for damage ere spectral 
_ - reflectance data. The exposure parameters 'of irradiation flux density 
’and" wavelength ,'^and sample temperature are varied. In addition, explora- 
./ to ry^ post -exposure bleaching studies have been performed. , 




Ib’ provide engineering design data, the re Quit a of ultraviolet studies 
'•« generally interpreted as if . simulation cf pertinent/ '.constituent? of« 
the orbital environment were achieved. It must be noted, however, that 
precise environmental simulation* is never (achieved in the laboratory. 

TNe most notable discrepancy is the spectral dies Imllarity .between extra- 
terrestrial color redidtiou and the. output ^ of aourcos suitable for- ' . „ 
material screen ingand development studies. Even 'if/onc assumes that all’ 
significant sources, of orbital, damage to^therml control surfaces are 
found lathe laboratory test chamber, a; straightforward '•prediction of., 
benavlor in space from laboratory data i3 not possible.,, There i? evidence 
that (1) the Observed changes In radiative? properties ,may result from, 
several reactions , and, (2) thav dependence' of ’ the reactions. on ^lrradi oncer- 
wavelength ia '-‘likely to be different for e'ach re action and each mate rial . n 
Large.' uncertainties in predictions of '.cyb ital otabilityrecult ..<v Beth ^to 
seduce these ‘uncertainties, and -to. guide mteriol developnent prcgrams,.' ^ 
info '.mat ion on the energetics aal mechanism of ultraviolet damage is 
. desired.'* lho wort: repo rted- he re in , therefore, aceks^to'investigate^thc; 
daauge processes’ as well- as provide engineering design data.. ~ r , 

^ , 1 .. // ; ., r < , r ' * 

' . I BXPEMMSHTAL SQjmwi' ' <% Vo 7 • " . 

. • ' V #' * , V"C >: ■ 'WV “I s / V ‘:'b” • 

. 1 ^J/ .Ultraviolet Source V' ” VV f t 14 * 

/A . , » . 'r 4f°. V"> « % 

\) The _ soui^c^of .ultraviolet radiation £is-a 1 KW A-Ko(F2EC Labo ^ype c)> 
mercury-argon ero>hlgh-preasure, high- intensity laopT:. ‘A^raxirately 30£ 
..of this lamp's radiant energy is in 'the|r206c)v to bOOGX 'range.. Tfcelaap* 0 
is watci>rcooleda^has a 'quartz watsrjacXei and'v^lc city- .tube; .* This ^ 
assembly, is, love rcd lnto aquartz envelope^ extorting into the exposure /> 
checriber from the top. The lamp assembly car. be withdrawn to charge lamps . 

^ without (disturbing -'the vacuum in the system. c . e •;.** « . 

.’*0 O, bT/ f- - 0 \ . ' '.0 - >•■‘1 M 's ‘ . . ‘ O ■* r * ■ 

t c , 7 v Itetector and Monitor * *. * I g;- 

V! "s v^'vX tip*- ‘ . , 

“• The ultraviolet Intensity is monitored with ^calibrated ulictotubea. 
(RCA 935) that .ere filtered tcv monitor radiation in the 2DOoX to 4000 a, . 

: interval. Corning- 7-5^ filter-^ are used to pasai only the near ultraviolet 
radiation. Beutral-density filters are used to reduce the :fiux ; density 
incident on the detector, in ord^r to avoid saturation of - the : phototube . 3 
' S Z_ ; The - phototubes have beenS cal ibratad by oc tinome try and with a taarmoplle . 
The output, of the phototubes fis^^tcsaatically, measured asdVsecordcd for 
fey minutes. every hour with a recording ^croaicn^r.. 0 ^Wh«i > deslr^d, a, * * 
Z' Coming s 0^ 5^ filter " is used to coqpare; tbe .intensity in , the 2000^3000* » * 
^region .tc^cnat k ln tbe 3000-^COOA region. This io of intereot since} tiae^ 
> A r H6 lanp output reduceo with tixs'oore in tbo ' short, than In 'the long 


wavelength teglousf 

i ^ ^ 




W- 4 ’*"- 5 K - 


*!. ' • E, 0 

I. 


4 


r '* Chodbtr' jiA VacuuD‘,Syotex‘ 

• 1 a?;'\ . ^ . * ; * * , " '• 1 

+ the - exposure chanbe rs ' are metal bell jaro lU inches high by lb inches 
in diameter mounted on 1G inch base plates. The' ca-rple holders ore vater- 
corded copper blocks mounted at different distances from the ultraviolet 
r»^liation source. /-‘Three exposure cbdrbers are used. In two of these - 
chambers pairs of^ 1 sample holders are permanently Installed at 3-0* ^*6, 
7*5# . tnd 11.2 inches from, the" source. These distances give nominal irra- 
* dlancca cf 10, 5i 2 sr-1 1 "suns" of ultraviolet energy. A flux density 
0 • , of ‘one^suif of near ultraviolet radiation is herein defined as the flux 
density of extraterrestrial radiation at -one actTx.ncmical unit from tiie 
l -i slm, in the wavelength interval Cron. 20»X)X to UOOCX. In ~<e other chamber 
• , A sample holders are located ‘‘’3 . 0 inches from the cou'.’ce for a nominal 
•flux .density of 6 "suns;" 

:-ti \ normally water ia passed tbioufib copper tubes soldered to the sample 
fcj holders. This maintains the Specimen _t.i<q»eratureo between 6>°P and 95°?# 

- } dej«nding on the tap water temperature and the ultraviolet irradlance et 

• * , the'saiqjle holders . At the 10 "sun" petition, with no cooling except by 

’ v radiation to the chamber walls end by induction through the sample bolder 
to, the base plate, the steady-state sample temperature is about 500°P. 

, Through controlled use of cooling water' and additional conduction paths 
1 frora~ the sample holders, specimen temperatures between 90^F and 50C°K can 

1 be 'achieved, for cryogenic temperatures liquid nitrogen con be passed 
through the cooling tubes. 

f High vacuums in the range of 10^6 to.10'7 Tbrr ans maintained with 

'■" t . electronic high vacuum pumpp using standard vacuum techniques. 

' *** ■’ Spectral Reflectance Measureoents ‘ 

; .. Boreal spectral reflectance measurements are performed with a Cary 

•- Model lb Spectrophotometer with integrating sphere attachment. T it*, solar 
lrrediasce data of ?. S. Johnson (Ref. 1) is used as tbo basis for calcu- 
{« la t ions of solar absorptance and of ode "sun" of ultraviolet energy. . 

>•_ 5 V EXf^RDOSiT/iL RESULTS 

c» •' u ' ‘ ~ 

i 11 Expciure Dependency of Damage 

w ? ‘ ? ' ’ • , 1 •' 1 

0 Ultraviolet radiation exposure Is herein defined as the product of 

o . ultrrflolet radiation intensity multiplied by the exj^rsure time. T be 
unit of exposure is "sun-hours;" Degradation increases with Increasing 
Intensity 'end with increasing exposure tine. 

Tte usual. sorting aasiovt ion is that a reciprocal relationship exists 
;i between the effects of time rand' ultraviolet imtdiance, with' regard to the 
er^ dacage "produced; l.e., exposure to one "sun*/ for ten hours' will produce « 
the same effect ar- exposure to 10 "suns" for one hour. This assumption 
serves os a useful first approximation; it bos not been verified for the 


■ 'ov:v,; « o -* * V ^ irfii'i - • ^ v / c . . Jf'C 
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materials under discussion. At least port of the difficulty In attempting c ' r 
to prove or disprove reciprocal behavior of a given cate rial lies .in' lamp- f : : 

to-lcmp spectral output variations and te:cporaJ spectral shifts of a gives 
Jaqp output. . <>' x * 

. Plots of solar abcorptance (cu) vs.- exposure ( r aun- hours") for 6 
materials are given In Pig. 1. ^The exposure tiroes wire 50 to :275 heura 
with nominal intensities of 1, 2, 5 and lO'buas." lh»; assumption is made 
that reciprocity holds. Evan if reciprocity did not hold ^ exactly , « the 
comparison of degradation of materials at the saxe.higfa intensity should 
reflect their relative stability for screening purposes. 1 „ \ * 

In general, the solar abporptanco -Increases with exposure but at a 
decreasing rate and appears tc approach a saturation value .that. If less 
than unity (usually between 0.6^ and 0.2). The materials are described 
more completely In Table 1. It should be noted that the three coorcerclal 
paints are off-the-shelf -materials which were oot originaHy developed v 
for space use. Their immediate availability, ease- of ~ application > \ and , ? ^ 
low cost are, major reasons for their selection.) tore] importantly, for j- b-'' 
short-lived vehicles (less theus one aontfc’c ort»ital lifetime) 'or In loca- 
tions where a certain amc.ait of environmental'' damage is permissible t these 
materials have . provided successful thermal control. _ ;■ $ t* . •„ , ' 

The data demonstrates the general superiority of silicate and. oil leone 
systems to organic 'paints. This drvta ic . representative . of ..that employed 
for engineering design use. (Ref.;2j n> c * ^ 

'' . . ° / . ^ ' ' 1 

Ttenperaiu re Dependency of Da cage v .^ V v 

■ t -p . a, v - n - 

Pive samples of white surfoce coatings were exposed 'simultaneously to 
ultraviolet radiation, at the same distance- from the source. With different 
r*vM irg paths for each sample balder the snaplno^vere maintained at five 
different temperatures in the range from about S(P? to 500^ durlng-expc- •• 
sure . Spectral reflectance - measurements, were made after an ‘exposure^ of -50 /.» 
hours at a intensity of 10 "suns" of near, ultraviolet relation/ > 

An unexpoaed sample was ^ used as, a control" coating. Solar abscrptanceo,-^ ^ 

(aa) were determined from the reflectance data. These together irtth the 
Increase In solar absorptance (bOo) are: given In Table 2/ Plots of tiic" 
spectral absorptance data for two of the 'five materials ire shewn ‘in ^ 

Figs. 2 end 3 . v P * * 

The Increase in. solar absorptance ucts) has been correlated graphl-' , p 
r ally to within ♦ 10$ as a function- of .tea^^ura-accortlog to'tbr;rela- , o , 
tlenchlp: , u e ^ V" ^ ^ ’ 

, AdgC A* H ^ V V ft ' iG fr * o *'• , 

+ - ' o *• * d •**?• , ‘ :<v% „**.* .**’ • o-v 

The term V is an approxlTMtion of the eoergy of actlvettafi for, thec j. i . a . 
increase .lo soJar absorptance due to the tcaperatuie effects do ring, expo?* * g 
sure. i The values of"' A v «nd W ore tabulated .belcv <-£■'. . -J$ // . r 2-i. % v 
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faraoetero Correlating Results of 
n Tempe ratu re - Dependancy Studies 

cat /Binder ■ a 


^ ,J Syn. Li.Al-SiOg/^SlO^ O .78 .0.053 

U-Al-SiOj/KgSiOj .• 0-50 0.01.9 

= ' • z^a-sio^iOj ’ 0:33 0.032 

, 0 1.00 ... 0.031 

TiOg/Sllleone ’ O.93. 0.053 

• n ' - ' ;* . . . ,■ 

- tha .S^Li th0 k 1 “ re *? e ln inkr «b80n>tanec ia of practical Importance 
the .pcet ntl changes In abaorptance are of Interest In the at^Vof the 
/ lnvolve i lr > tesrasatlon. Ba opectrel abaoi-ptance cu^ve for 
o liOo/epoxy surface coating are shown ’In Fig. 2. An initial i/,™. 

• -b-JPtnhc 4.,to exposure to StSS^l 1. 

- observed. At Increasing tenperatures the sane exposure cauceo a ra ~ni 
ineraa« lb absorptance vita a fatrl, regular pSS™ 

a i? in regtoo la noted^ ffiToha^ of^^^r 

' : » aifferp^te.of fel^LTh^b^™ lf 8 ' UfferCat proce “ cr 

Se^sa^ 8 lT la - l0n W?? *•' «• cxposura^e^u„ i^^ 6/ 

/ incraaces In therlalble and Infrared raglnar of thesp^- 

lc Ultraviplet region, a* netresuit Js ^ **“ 

‘ „ 1 f? re ? <,e f D _) b o ahsoiptwlce with lacreaolng tceperatuie. 

•i • t of Daaage 

^ -"gCj Ail P? ° are : i spectra were , 

^ fM nesfrlaa 

«. tSXii ^ . «w<5 rare, of vsateriale to ultrerlolet rndla- 

• 2"i2. toshift^io^xs^tha 

»' ■ eoratebcel 'B* raa^rtfJT^ 4 **^ ng ° r 4ecre,asei la the solar ah^ , 
> , cal^S>hexS? . these procesaes con be lUustrated scheaatt- 
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ENERGY BARRIER 



ENERGETICS OF OEGRACMNG AND BLEACHING 
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the imti.l state 1* • Kbit* surface of lov OB.' If.ttls surface la* 
«T»m« to pbntanene Julies greater than the threshold unsigy (hVl) tbs „ 
ensue,' bszrlsr Is surpassed and tbs, process can proceed to tbs final sta te. 
vai. stats is indicated by s shift In tbe absorption edge to longer cans- 
lengths and en Increase In a. . Since bVg, tbe threshold energy for tbe „ 
reverse process, is less then HVl, the thresh^ .OTO^ ier tte ttroaid 
process, this process Is also possible. HrAemrf tbe rats Is out only 
„ dependent on sufficient, energy but on tte jrrafcabUlty : ttst tbe rertl s tt o n 
Is absorbed and that all of the reactants are prosiest. Before degrade- o 
t-iem bn* occurred no bleaching Is possible. Ae tbe degradation process 
proceeds tbe rata of b l ea chin g, will Increase.' When tte retsa of tbs tto,, 
proocasee are equal sr eqnlXlhrlun vlll he reached. ....j . 

' ^ The de gradation experlasnta ,«ere does" In vaegf and ,the hi ss chl n g ° 
experiments In air. This fact eay ba alffilficsnt; depending ou c tbSj pro ^ - 
cesses' involved. Optlcal dsaags could result frea tbs bresklnn of oxygen 
tnnda and sttssgtrBxt raecvel of agfai. lb sucb , esses . the, reverse reaction 
v adght'be slow In a ■ mw enTlronasnti Bno If the photno cirsrgy bfg. air 
' available; significant hlsscMng nltfit not occur.* Hovaver,' open eg p nsur a _ 
of tts degraded surface In air to photon energies greatar tbsn bV 2 and lass 
then bYy, the revsrs. process could proceed with no cni^etitlcxi. .fba^ \ 




Initial state would then again be achieved. 
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Prom the experl cento described, limits and ranges of threshold energies 
for the photo degrading and bleaching process for some materials have been 
found. These are -tabulated below: 


Threshold Energies fbr Degrading and Bleaching 


Syn. U-Al-SiOs/KaSlOl, 

u-Ai-siOa/K^ioi, 

ZrOVSlOa/KjSU*, 

TiO^ epoxy 


U.3-5.b ev 

h.3-U.7 

M-M 

fc.'a-fc.b 


<3-9 ev 
<39 
<3-9 
<3-9 


The exact processes of degradation and bleaching are not known e\ 
this time. 'As suggested, removal of oxygen mav be Involved. Tbe process 
of breaking one chemical bond and making another may be occurring, espe- 
cially in polymeric materials. The production of electron-hole pairs in 
dielectrics Hka the pigments can happen. Subsequent trapping of freed 
electrons at Imperfection sites can result In' coloration. < 

o the changes in the spectral ahsorptaoce curve f^r the ZrOj'SiOg/ 

■ KSfilOj* system (Fig. 6) suggests a single reversible 'process. With photon 
energies greater than bVi In vacuum there Is a narked Increase In abcorpt- 
ance in the ultraviolet region. Fhoton energies levs than hVl did net 
cause this Increase. In air, photons of -energies be tween hVl and hV2 
c a u se d the original changes. In the spectral reflectance curve to be almost 
co mpl e tely reversed - 

In the TiOg/epoxy system photen energies greater than hV^ caased the 
absorption edge to shift to longer wavelengths (Pig. *»). Riotous with 
energy less than bVj, did not, (Fig. 5) bat the sbsorptsnce increased in 
the visible end infrared regions of the spectrum more chan when energy 


of greater than bVi was present. Both changes were partially reversed 
upon exposure in air to photons with energy between hV^ and hV 2 - This 


more complicated behavior of • the T102/epoxy system indicates more than a 
single, reversible process. The threshold energy hV^ tabulated above Is 
for the absorption edge rhift. Tbe value for hV2 Is for both reverse 
processes. - 


C CBCLDSIC8S 


Low a^/« surfaces s offer an increase In upen exposure to ultra- 
-violet radiation In vacuum; .t hie damage Is enhanced both by Increased 
ultraviolet flux density arid by Increased exposure time. The supposition 
of a- reciprocal relationship between flux density and exposure time appears 
to be a valid working’ assumption for development of rough engineering Cats. , 






I 



i It alio vo the use of accelerated tests in materials development ond u evalua- 

tion programs. Solar absorptaneca aa a function of exposure in "sun-hours'* 
Increase at a decreasing rate and appear to approach a saturation value 
that is less than unity for all materials studied. 

; Sengd.es of white surface coat logo degraded more 1 wlf.h increasing tempo- f ' 

nature over the temperature range 90°F to 50QOF. The energies cf activa- 
tion for the Increase lo solar ahsorptance due to the temperature effects ' 
during exposure for the materials studied are estimated to be In the range 
from 0.03 to 0.05 ev. However, the spectral ahsorptance did, .not increase 
with increasing temperatures over the entire solar spectrum. In fact, in 
some regions the degraded ahsorptance decreased. 

Threshold energies for the shift to longer wavelength or the ultra- 
violet absorption edge have been found to be about 5 ev for the materials 
studied. This absorption edge shift is a primary hut not the only cause 
for the increase in solar abtforptaoco. Bleaching in air for the same- 
materials occurs with photon energies of less than 3*5 ev. 1 

Further detailed studies are required to identify the, first-order c 

damge mechanisms in practical low o^/c materials. This information is * . 
desired both to guide material development efforts, and '^o Improve predic- 
tions of operational performance baaed on laboratory data. 0 


1. Johnson, F. S. (editor): Satellite Environment Handbook. Stanford 
University Press, 1961 . 

2. Lockheed Missiles and Space Cos Thsmjphysica Design Handbook. <■ 
M Report Ho. 8-£>-63-3, Lockheed Missiles and Space Co., 1963 
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Materials Investigated 



I 


1 


TA3LE 2 

‘Temperature Dependency Data' 


Pigment/Binder 
Syn. LI - A 1 - S lOg/K^lO^ 
USC Experimental Feint 


» 


U.-Al-Si0?/Ko5103 

USC Experimental Faint 


ZrO 2 *S , .02/K 2 .110 3 
1 KSC Experimental Paint 


MO£/epo*y 
White Gkycpar En»nel 
(A. Erovn Ab23 Color 3A9185) 


T 102 /Sllteone 

Fuller doss White Silicone 
Paint ( 517 -W-l) 



Temp. (°F) 

a s 

AOo 


Unexpo ced 

0.14 

- — 


JO 

0.26 

1 5 0.12 


X 

0.23 

0.00 

A 

225 

0.29 

0.15 


33C 

0-32 

0.18 


532 

0.39 

0.25 


Unexpo ned 

0.13 

— 

• 

86 

0.20 

0.07 


97 ' 

0.21 

0.08 


215 

o.::i 

O.U 


325 

0.27 •** 

' 0.14 


500 

0.30 

C.17 


Unexposed 

0.09 


* 

90 

0.19 

0.10 


102 

0.19 

, 0.1 JO 

1 

210 

0.21 

O.U 

H5 

0.2). 

0.12 


4d0 

0 .26 

0.17 

d 

Unexpcsed 

0.20 

— 

V 

92 

0.50 

0.30 


101 

0. >3 

0.33 


230 

0.53 

0.35 


35 0 

0.62 

0.42 


" 505 

0.76- 

0.58 


'Jnexposed 

0.21 

— 

op 

0-3* 

0.13 

•1 

i) 

101 

c.3* 

0.13 

V* 

227 

0.42 

0.21 

f 

362 

0.4l 

0.20 


52C 

0,52 

0.J1 

i 


1 


t: 
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Abstract of proposed report for Symposium on Tfcernal Radiation 
Prop ert ies of Solids, to be held la San franc loco, 

Ifcreh 4-6, 1964 » 

T x „ >v. o <• - 1 

pasLMramr r womb trtm a roohd-robzh stout a? ultraviolet < 

SSEHADATICH Of SEACBCBAIT TOSttUL-COBTROL OGATIBOS 
By J. C. Arveoen, C. B. Reel, and ^3. C. Sbav 


Comparisons of laboratory results of ultraviolet degradation 
of tberaal-oontrol coatings far spacecraft with data obtained 
during flight In apace have atom general ly poor agreement In the 
rate of coating degradation. Consequently, It baa become apparent 
that l apr o v eaenta mist be mode In laboratory ultraviolet Simula 1 ; 
tlon techniques. In Novenbcr of 1962, a round-robin testing pre-: 
gram was organised in an attempt to advance the technology of ; * 

ultraviolet testing of thermal-control coatings. In this program, 
samples of four different tenpera tore -central coatings were 
distributed among a number of organisations f ar itesta In their ^ 
ultraviolet simulation facilities. Sixteen argaiUsatxopfl are.-' 
participating in the progrsm. Three of the coatings were known 
to be unstable when exposed to ultraviolet, whereas the fourth e> c 
was considered to be relatively stable. The stable coating and two 
of the unstable samples have been included in the complement °af 
test emtingn for the flight emleslvlty experiment an the 8-17 
Orbiting Solar Observatory. The satellite vtU. be launched early- 
In 1964, and result® from this esperiinent should provide, a' basis 
far evaluating the capability of the various laboratory facilities 
to elaulate the degrading effects of solar ultraviolet radiation.*. 

■ I ' . ■ •i'*! ‘ A; * , «r 

TOe Information presented is based an «• preliminary analysis 
of the results reported by approximately half of the participants. 
The rate of .increase in solar absarptance of c the test coatings 
varied wMely raong the different investigators. For example, .'the 
rate of degradation of smsOea of ana of ths ( coatlngc was fouai^to 
differ by factors exceeding 50. In addition, Initial valuerjof 
solar absarptance for the asms coatlngc were found to differ in 
- some cases by nearly 100 percent. ‘ * . (\ v v . ^ .*• <• ' 

- : 1 r V, O 

Er* .Urn? -ary analysla of the results obtained fnxi \ this . p 
program Illustrates tbs need to atandardixe teat techniques far O 
ultraviolet degradation studies , ari to obtain correlations of 
laboratory ae&suremeritn with data t^oen during flight 
actual apace environment, it is also evident that atax/iaKllsa-; <s C . 
tlon of ; mea su r emen t techniques for determining tbertml-^radlatlon 
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proper ties la required . 
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